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INTRODUCTION 


Mathematics has long since become the basic tool of physics and 
technology. In recent years, mathematical methods of investigation 
have made deep inroads into such fields of knowledge as chemistry, 
biology, economics, geology, linguistics, medicine, teaching, psycho- 
logy, archeology, law and military affairs. 

The school course of elementary mathematics is fundamental to all 
mathematical knowledge, and without a firm grasp of this basic course 
there can be no question of mastering the higher divisions of the sub- 
ject, of applying mathematics in one’s practical scientific and techno- 
logical work. . 

It is a truism that mathematical knowledge does not merely amount 
to memorizing a large number of formulas; problem solving lies at 
the very heart of mathematics. But to solve a problem does not only 
mean to perform a certain number of manipulations. The most import- 
ant thing is that the solution be complete and logically flawless. This 
is the main stumbling block to the student, for it is much easier to 
remember a certain number of formulations or to work through specific 
procedures than it is to comprehend the essence of the matter at hand. 

The purpose of this text is to help the student think through the 
logical processes of a solution, and to teach the student to ask himself 
why a certain thing is being done and to be able to answer that que- 
stion. It is vitally important that the student be able at every stage 
in a solution to realize what has been done and what there is left to do. 
In short, the authors have made an attempt to show the student how 
to solve problems properly. 

This approach has left its imprint on the text. The authors do not 
always give the best or.shortest solutions, in contrast to what an expe- 
rienced mathematician usually does. They strive to view the problem 
at hand through the eyes of the student who is not experienced, does 
not have at his disposal ingenious techniques, devices or special 
methods of solution; they seek the solution in what would appear to be 
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the most natural way for the average student. The main thing is that 
such a solution is carried through with extreme logical care and is 
made as rigorous as possible. 

The reader may find that certain simple examples are analyzed in 
far too great an amount of detail. But do not hurry to criticize this 
approach, for what appears simple may merely be something that. has 
not been studied in sufficient depth. Also, not all solutions are given 
. with full details. It is the hope of the authors that this text will not 

only be read but studied with pencil and paper in hand. A good deal 
is left up to the student to think through by himself. This pertains to 
some parts of the theory and certain stages of problem solving. 

It must be emphasized that this book is not an ordinary textbook 
but one in which certain carefully selected topics of theory and an 
abundant amount of problem solving will enable the student to ex- 
pand and deepen his knowledge of the school course of elementary ma- 
thematics and enable him better to begin the study of higher mathema- 
tics in higher educational institutions. The topics chosen here for detai- 
led discussion are those that usually cause the most trouble or do not, 
for a variety of reasons, receive the attention they deserve. The most com- 
plicated and-important parts of elementary mathematics are analyzed 
and illustrated in detailed problem solving and subsequent discussion. 
oe attention is paid to analyzing typical mistakes of the stu- 

ent, 

Another point to bear in mind is that the authors consider only the 
more traditional topics of elementary mathematics, They do not use 
methods of analytic geometry or differential and integral calculus; in 
geometry, axiomatics is not dwelt on, nor is the terminology of set 
theory made much use of. 

This textbook is supplied with a large number of problems in the 
form of exercises appended to each’section. The answers are given at 


the end of the book, | 
d range of readers, from students of 


This book is aimed at a broa 
ents of teachers’ colleges and universities, 


ors in secondary and higher educational in- 
self-instruction as a supplement to 


secondary school to stud 
and mathematics instruct 
stitutions. It can also be used in 
any standard textbook, 
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Chapter | ARITHMETIC AND ALGEBRA 


1.1 General remarks on arithmetic and algebra 


Of fundamental importance to the student is the fact that all the 
concepts he employs in his mathematical discourse must be rigorously 
defined, the only exception being, of course, such starting terms as 
natural number, equation, point, line, plane, and the like. The requi- 
site definitions are of course given in any textbook, but the student 
becomes accustomed so soon to using these concepts in solving prob]- 
ems that he feels more and more inclined (without always realizing it) 
to regard the initial notions as intuitively clear and not in any need of 
being defined. 

The student of mathematics must at all times have a clear-cut 

understanding of all fundamental mathematical concepts (we will 
return to this subject in Secs. 2.1 and 3.1). 
_ Also important, besides definitions, are mathematical conventions 
involving the formation of an entity or of a relation between entities 
(indicated by a special symbol). These conventions serve essentially as 
a definition of. the symbol and must be memorized. For example, the 
plus (-+) sign is used to indicate the sum of two numbers, the symbol 
a* stands for the square of the number a, which is to say the product 
a-a; the fact that a is less than 6, that is, the number a — 0 is negative, 
is written conventionally with the aid of the < sign asa<b. 

The student will also recall the signs of weak inequalities: < 
(less than or equal to) and > (greater than or equal to). The student 
usually finds no difficulty when using them in formal transformations, 
but examinations have shown that many students do not fully compreh- 


end their meaning. 

To illustrate, a frequent answer to: “Js the inequality 2<3 true?” 
is “No, since the number 2 is less than 3”. Or, say, “Js the inequality 
3< 3 frue?” the answer is often “No, since 3 is equal to 3”. Nevertheless, 
students who answer in this fashion are often found to write the re- 
sult of aproblem asx< 3. Yet their understanding of the sign < between 
concrete numbers signifies that not a single specific number can be 
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substituted in place of x in the inequality x< 3, which is tosay that 
the sign < cannot be used to relate any numbers whatsoever. 

Actually, the situation is this: by definition of the sign <, the 
inequality a< b is considered to be truewhen a< band alsowhen a = b. 
Thus, the inequality 2< 3 is true because 2 ic less than 8, and the ine- 
quality 3< 3 is true because 3 is equal to 3. : 

From this definition of the sign < itfollows that the inequality 
a<b isnot true only when a> bd. For this reason, the sign < may 
be read not only as “less than or equal to” but also as “not greater than”, 
Thus, the inequalities 2< 3 and 3<3 are read, respectively, as “2 is 
not greater than 3” and “3 is not greater than 3”. 

The same applies to the sign >, which can be read both as “greater 
than or equal to” and as “not less than”. By definition of the sign >, 
’- the pee azo is valid if a> b or if a= b; it is not valid only if 

ax 


Almost every student knows that the function y= 2* is defined for 
all real x and can readily draw the graph of the function. However, 
2”3 is often a riddle to the student, The best he can usually do is to 
indicate how one should give an approximate computation of the num- 
ber. But where is the logic? How can you expect to give an approxi- 
mate computation of a number without knowing its definition? 

To be able to state what the number 2Y3 represents, one has to re- 
call the special definition for a number raised to an irrational power, 
and of course it is necessary to recall the other definitions of powers 
having ‘natural exponents (a zero, rational or negative exponent). 
Note that the general definition of a power with a natural exponent n 
is inapplicable when n= 1 since a product involving a single factor is 
meaningless. For this reason, the equation a'=a is the definition of 
__ the first power of a number. In the very same fashion, the zero power 

(a°= 1) is introduced as a definition. 

Now let us find out why the equation 

(j/a)* =a (1) 
holds true. Students often prove this by manipulating the left-hand 
member. This is of course permissible, but it simply indicates 
that the rules for handling radicals have displaced in the mind 
of the student the definition of a radical. Indeed, how does one 
define the cube root of a number? By convention, the cube root 
of a number a is that number whose cube is equal to a. The cube 
root of a number a is conventionally denoted by the symbol i/ a. 
Thus, equation (1) is merely the formula for the definition of a cube 
root with regard for the convention concerning the meaning of the 
symbol j/, ; 

The course of algebra includes a considerable number of propositions 
(assertions). The view is rather widely held that in geometry one has 
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to reason rigorously and there are theorems which require careful 
proofs with the use of definitions but that in algebra there is only one 
theorem (Viéte’s theorem),* and the rest is just verbal formulations 
and formulas. This is not so in the least. Even the formula for the 
square of a sum is a theorem. The properties of the logarithmic function 
constitute several theorems. As in geometry, every theorem of algebra 
must be proved, and all the initial concepts must be defined. 

Experience shows that the more ordinary an algebraic statement 
is and the more often it is used in problem solving, the more frequently 
the student forgets that he should be able not only to state it properly 
and employ it, -but also to prove it. At all times, particular attention 
must be. paid to the ability of the student to justify (substantiate) 
statements, particularly those which appear to be “self-evident”. 

All students are familiar with the formula for solving ‘quadratic 
equations, but not so many know its derivation. The same difficulties 
are encountered when dealing with theorems involving the solution of 
quadratic inequalities. Even if the student obtains correct solutions of - 
such inequalities, he is frequently not able to explain why, for instance, 
a quadratic trinomial with positive leading coefficient is positive 
outside the interval between the roots if the latter are real, and is 
positive for arbitrary x if the roots are imaginary. : 

Yet rigorous proofs of the theorems dealing with the sign of a quad- 
ratic trinomial are simple in the extreme. ; 

If the quadratic ax*-+ 6x +c, a&0, has real roots x, and x, (which 
means its discriminant is positive), then it can be factored: 

(2) 


ax + bx 4+-¢= a (x —%,) (x —*,) 


It is thus evident that for any x exceeding the larger root, both factors 
in parentheses, that is (x—x,) and (x—.x,), are positive, and for any x 
less than the smaller root, they are negative, which means that in 
both cases their product (x—x,) (x —X,) is positive and therefore the 
right member of (2) has the same sign as the number a. However, if x 
lies in the interval between the roots x, and x, then one of the parenth- 
eses in (2) is positive and the other one is negative. And so the sign 
of the product in the right member of (2) is opposite that of a. 
We have thus proved the following theorem: the value of a quadratic 
trinomial ax*-+-bx-+ with positive discriminant (b\—4ac>0) has for 
any x outside the interval between the roots of the quadratic a sign that 
coincides with the sign of the coef ficient a, and is of opposite sign for any 


x inside the interval between the roots. ** 


* Viéte’s theorem states that the sum of the roots of a quadratic equation Is 
equal to the coefficient (with sign reversed) of the unknown to the first power, and 
the product of the roots is equal to the constant term. 

** The student himself can state and prove the theorem referring to the case when 
the quadratic trinomial ax?-++-6x-+c has equal roots, i.e. when its discriminant is 
zero: 4 — 4ac==0, 


mee 


ee 
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There is also another theorem that is valid: the value of a quadratic 
ax? bx with negative discriminant (bX —4ac<0) has for any x 
a sign coincident with the sign of the coefficient a. 

To prove this theorem, isolate a perfect square: 


axt-+oxtema[(x+5,) +o) (3) 


. Since the discriminant b°— 4ac<0 (it will be recalled that in this case 


the quadratic has imaginary roots), it is evident that the expression in 
square brackets is positive for any value of x, and the product in the 
right-hand member of (3) is, for any x, of the same sign as the number a. 

The student is often surprised to encounter difficulties when dealing 
with biquadratic equations. There would seem to be no difficulties, 
since any biquadratic equation ax*+ bx*-+c=0 can be reduced to a 
quadratic equation by the standard substitution x¢= y. But suppose that 
the resulting quadratic has imaginary roots y, and y,. Then determin- 
ing x requires taking the square root of a complex number. In itself 
this is not so complicated and appropriate formulas are given in the 
standard textbooks. However, this may be avoided altogether if one 
does not resort to the standard substitution but factors the left-hand 
member by means of a special transformation, 

This transformation consists .in isolating a perfect square in the tri- 
nomial ax'+- bx?+-c and gives a valid result only when the quadratic 
equation ay?+ by +c=0 has imaginary roots. 

However, in this case the perfect square is isolated in a somewhat 
different fashion than ordinarily: namely, group together the highest- 
degree term and the constant term, and then take their sum and com- 
plete the square. 

_ Suppose we have an equation like x4+- bx?-+-¢=0 (for the sake of 
simplicity, we set a= 1, which can always be done readily), and the 
equation y?-+ by -+c=0 has imaginary roots. This condition means 
that the discriminant D=6'—4¢<0, that is, b<4c, whence it is 
clear that c>0 and lb|<2Vc, that isb<2V'c. We can therefore 
perfom the following manipulations: 


Ab Ox? Lom (x4 40) + bx? = (x4-++-2Vext+c)—(2Vc— b) x2 
=(+Vc)*—(2Ve=8) 2 


= (tx 2Ve—04V5) (2-2 V BV End) 


The solution of the given biquadratic equation now reduces to that of 
two quadratic equations with real coefficients, 

_, These rather involved formulas need not be memorized of course; 
it is much better to isolate a perfect square in each given instance. 
To illustrate, let us solve the equation | 


2x4 + 2x?-+ 3 = 0 
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We first reduce the equation to x*+ x?-+8/, =0. Its discriminant is 
equal to 12—4-3/, =—5<0, and so, applying the foregoing method, 


we obtain 

ehh h(t +2V e+ %)-AV le 
=(e+V%,)'-Vb—1) 2 3 
= (ete VE—14V%,) (e@—xV VEE) 


We can now solve the quadratics without any fear of complicated 
tadicals. The first equation 


etry V6—-14V7,=0 : 


has a negative discriminant: D =(y V6— 1 )- ee V6, 

and, consequently, its roots 
6— F 6+1 

_VVE=1 , VV EE 


X12 
Similarly we find the roots of the second equation: 


e—xy Ve—-14V%, =0 


They are 
6— : 6+1 
ave gy ice 


*3,4 


Two-term equations of the sixth degree (x*-+ a°= 0) likewise reduce 
to the solution of this type of biquadratic equation (expand the left- 
ua ‘acl as a sum of cubes.and apply the technique described 
above). 

A few words are in order concerning the statements of a number 
of definitions and theorems. Textbooks frequently state definitions 
and theorems verbally without much use of convenient literal notation. 
Occasionally, this is justified, but very often it simply makes for hard- 
to-digest formulations. For. instance, instead of writing “the square 
of the sum of any two numbers is equal to the sum of the squares of 
the numbers plus two times their product,” one could more simply 
write: “for any numbers a and 6 we have (a -+-b) *= a?+ 2ab + B?.” 
A logarithm is conveniently defined as “a number x is the logarithm of 
a number WN to the base a (a>0, a1) if a*= N.” 

It is important to develop the habit of converting verbal statements 
into formula staternents, and vice versa, for this is precisely what is 
ordinarily required when proving theorems. For example, to prove 
that “the logarithms of numbers exceeding unity to a base exceeding 
unity are positive,” we must first introduce the designations: let the 
base be a> 1, the number x>1, and let y = log,x; then establish that 
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the number y>0. Rephrasing of this nature can also involve the ne- 
cessity of using a definition. Thus, before proving the assertion that 
“for a> 1 the function y= log, x increases,” one has to recall what an 
increasing function is, and then the proof begins thus: “Let a>1, and 
let x, and x, be positive numbers, x;<x,; we will prove that log, x,< 


< log, x2.” 


It is not always properly understood that certain formula-type 
statements make use of symbols of certain concepts. 

It is precisely this that explains why formula (1) is not readily re- 
cognized as the definition of a cube root written as the symbol j/, and 
that the equation qlee =N(N>0, a>0, a1) is a symbolic 
notation of the “customary” verbal definition of a logarithm which 
employs the convention of denoting the logarithm of a number N to a 
base a in the form of log,N. 


Exercises 


1. What is (a) a periodic decimal fraction, (b) a’/2, (c) a quadratic equation, 
(4) VII, (e) the modulus (absolute value) of a complex number, (f) a>6, (g) the sum 
of a nonterminating decreasing geometric progression? 

2. State which of the following is a definition, an axiom or a theorem: (a) an 
equation is unaltered if both members are multiplied by the same number, (b) the 


1 F 
modulus of any number is nonnegative, (c) a ay a, (d) the graph of the function 
y*=—8x passes through the origin of coordinates, 

3. Is the following equation always valid: V a V b= ab? 

4. If the discriminant of a quadratic equation is positive, then the equation has 
two distinct real roots. State the converse theorem, the inverse and the cont- 
rapositive. Which of these theorems are valid? 

5. Prove that if the roots of a quadratic equation are imaginary, then the discri- 
minant is negative. 

6. Using formulas, state the condition that at least one of the numbers Y,. 
4, is equal to the number a, 

7. Use a single equation to denote that at least two of the numbers a, 6, c are 
equal to zero. 

8. What can be said about the numbers a and 6 if 1/a< 1/6? From what pro- 
perties of the function y= 1/x can we obtain an answer to this question? 

Using mathematical telations, state the assertion tha the function y==3+-~ 
—x* increases when the argument varies in the interval from —{ to +1. 
10. Is the condition that the sum of the digits of a number is divisible by 3a 


era C sufficient or necessary and sufficient condition for the number to be di- 
visible by 12? 


1.2 Integers, rational numbers, irrational numbers 


Problems involving various parts of arithmetic often give tro- 
uble. This is frequently due to the fact that arithmetic is studied 
in the junior forms where many results are given without proof, and 
the material is actually never taken up again. Yet this does not in 
the least diminish the Significance of such sections of arithmetic as 
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the divisibility of the natural numbers, the properties of fractions, 
the theory of proportions, etc. 

The senior student must know the statements of these results and 
should also be able to prove them (say, to derive a given criterion of 
divisibility). 

To illustrate, let us prove the criterion for divisibility by 9, Givena 
natural number N= a,dq_1 «.. 20,4. Here, the symbol andp_)... Qo 
(where the bar on jop means that the digits are not to be thought 
of as a product of the numbers ap, .-., a) denotes an (n-+1)-digit 
number, where dn, Gy_,, .++; Gj, a are the digits of the appropriate 
orders of the number* (so that 1<a,<9, 0O<a,4+< 9, ..., OX 
<a,< 9, 0< a< 9). We have to prove two assertions: (a) if the sum 
of the digits a,+-a,_,-+...--a,+@. of the number W is divisible by 
9, then the number N itself is divisible by 9; (b) if the number WN is 
divisible by 9, then the sum of its digits is divisible by 9. 

aceon with the positional principle of the decimal number system, 
we have 


Any 1 e188 a,A,a, = a,,° 10" -+-a,,_4: 1O?-! + eee +a,: [0?+a,: 10+a, 
Since 10*=99 ... 9-+1 for any natural &>1, we get 


k times 
N=[a,99... 9+a,_,99... 9+... +4,:99 + a,-9] 
Naeem serene! 
n times n~-1 times 


(Oy Fp aa t oe Og + Os + ) (1) 


It is obvious that the number in square brackets is divisible by 9, 
for it is a sum of n terms, each of which is divisible by 9. If the sum 
Qn-+...+G,+ a is divisible by 9, then from (1) it is clear that the num- 
ber N is also divisible by 9. The proof of Assertion (a) is complete. 
Assertion (b) likewise follows from a consideration of (1): if the left 
member (the number WN) is divisible by 9 and since the first summand 
of the right member (the number in square brackets) is divisible by 9, 
it follows that the second summand (the sum of the digits of V) must 
be divisible by 9. ; 

In the solution of problems, various arithmetical facts are someti- 
i useful. We shall now review a number of them using literal sym- 

olism. 
If we have two integers** a and 6, b>0, then there is a unique in- 
teger g and a unique integer r, O<r<8, such that 


a= bq-+-r (2) 
‘ * It is natural to regard the highest-order digit as nonzero. 
** Recall that the numbers 1, 2, 3, ... are called natural numbers (the positive 


integers), and the numbers —2, —1, 0, 1,2,... are the integers (whole numbers). 
It is convenient to write the set of integers as 0, +1, £2,...> 
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Equation (2) is simply the division of a number a by a number b with 
a remainder. In particular, from (2) it is clear that any even riumber 
is of the form 2k, where & is an integer, and any odd number may be 
represented as 2n-+-1, where n is an integer. 

If we have a natural number N exceeding unity, and if N=n% 


... mk" is the decomposition of this number into prime factors (here, 
My, +++, M, are distinct prime divisors of V, anda,,..., a, represent 
the number of their repetitions in the decomposition of N), then any 
divisor of N is of the form D=n® .., nb whereQ<B,< ay, ..., 
O<Br< a. 

If we have natural numbers a,, ..., a, then their common divisor 
is a natural number which exactly divides each of the numbers a, 
+++) Qn. The largest of these common divisors of the numbers Dis ciiy 
a, is termed the greatest common divisor. If the greatest common 
divisor is equal to 1, then the numbers a,,..., dq are relatively prime 
(coprime). 

If a natural number WN is divisi 


ble by each of two relatively prime 
integers a,, a,, then N is also di 


visible by the product a,a, of these 
integers.* Furthermore, if the product NM of natural numbers N and 


M is exactly divisible by a natural number D and if M and D are te- 
latively prime, then N -is divisible by D. 
Finally, it is well to recall the following property: one of a sequence 


_ of n integers k+1, k+2,..., k-+n, where k is an arbitrary integer, 
is definitely divisible by n. 


Let us consider some examples of the use.of the properties of integers 
in solving problems which 


involve divisibility. 
1. Prove that for an arbitrary even n the number N =n'+20n is divi- 
sible by 48. 


Quite naturally, a direct verification of the fact that the assertion 
holds true for n=2, 4, 6, ... does not solve the problem since we are 
not able to run through all the even numbers. Hence, we have to give 
a proof that will hold true for any even n. 

An even number n can be written in the form n=2k, where k is 


an integer; therefore N=8k (k?--5). If we demonstrate that for any 
integer & the number & (k? 


+5) is divisible by 6, it will be clear that 

N is divisible by 48.- 
We perform the following obvious transformation: 

he (+5) =k (k?—1-46)= (2-1) 2 (R41) 4.64 (3) 


We see that the second summand in the right member of (3) is divisible 
by 6. Now the first summand on the right is a product of three succes- 
sive integers, and for this reason one of them is definitely divisible 


* It Is easy to see that if a, and 


a, are not relatively prime, then the number V 
is not necessarily divisible by the 


product aa, (give an examplel): 


1.2 Integers, rational numbers, irrational numbers 17 


wey 
ea 


by 3. What is more, of two successive integers (and all the more so, 
of three) one must definitely be even. Since 2 and 3 are relatively 
prime, it follows that &(k?-}-5) is indeed divisible by 6 for any integer 
is 2. Prove that no matter what the natural number n, the number N= 
=n2--1 is not divisible by 3. 

The only possible remainders upon the division of a natural number 
by 3 are 0, 1, 2 (see (2)). In solving this problem we therefore find it 
expedient to partition all the natural numbers into three classes: 
3k, where k is a natural number; 3k-+1, where & is a natural number 
or 0; 384-2, & natural or 0.* 

For an arbitrary natural number n which is exactly divisible by 
3, that is, such as can be represented in the form n=3k for some po- 
sitive integer &, we have n?--1==9k?--1. Since the first summand in 
the right member is divisible by 3 and the second one is not, the 
number N is not divisible by 3 for these values of n. : 

If n=3k-+1 for a certain natural number & (or for R=0), then n?+- 
4-1=9k?-+-6k-+-2. It is obvious in this case that when N is divided by 
3 there is a remainder of 2. 

The case of n==3k4-2 is considered in a similar manner. 

3. How many zeros are there at the end of the product of all natural 
numbers from \ to 1962 inclusive? 

This problem appears to be very difficult due to its rather unusual 
statement, yet in reality the underlying idea of the solution is simple. 
If the number N =1-2... 1961-1962 is factored into primes: 


N = 2% 3% 5%. pt (4) 


it is clear that each pair of prime factors 2 and 5 will generate one zero 
in the number N because 10 = 2-5. Now to obtain the representation 
(4) it suffices to factor separately into primes each of the factors of the 
product N, and then collect identical prime factors. Since we are inte- 
rested only in the numbers a, and a, in the expansion (4), we have to 
find out how many twos and fives appear in the expansion of each 
factor of the product N. , 

To illustrate, let us determine the number a. It is clear that every 
factor of N divisible by-5 yields one five when decomposed into prime 
factors. Altogether, there are [1962/5] = 392 such factors in the pro- 
duct N (the symbol [a] denotes the largest integer in a). However, 
there will be, attiong the factors of the product N, such factors as are. 
divisible by 25 and these will yield an additional five in the prime 
decomposition. There will be a total of [1962/25] = 78 such factors. 
Yet another five will be obtained from all factors of N which are mul- 


* Whereas in the representation 3 we must take, for k, one of the numbers 1, 
2, .+., in the representations 3k-F1, 3k--2 we also have to take R=0. To this value of 
k correspond the natural numbers 1 and 2, respectively. 
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tiples of 125. There will be [1962/125] = 15. Finally, there are three 
factors divisible by 625; they will vield one five each. We thus have 
892 + 78 + 15-+ 3 = 488 fives, or a3 488, in a decomposition of 
the number NV into prime factors. 

A similar computation shows that in the formula (4), the number 
a,==1955, whence it is evident that there are only 488 pairs of the 
primes 2 and 5 and therefore the number N ends in 488 zeros. 

Ideas involving divisibility of numbers are very often employed 
in the solution of problems from other sections of algebra.. 

4. Find numbers which are common terms of the two following arith- 
metic progressions: 


3,7, Il, ..., 407 and 2, 9, 16, ..., 709 (5) 


It is clear that the general term of the first arithmetic progression 
is of the form a,=3-+4 (n—1); the indicated terms of the progression 
are associated with the values n=1, 2,..., 102. Similarly, the terms 
of the second progression are obtained from the formula b, =2-+-7 (k—1), 
k=1, 2,..., 102. The problem thus consists in finding all numbers 
nandk, lgn< 102, 1<k< 102, for which a,=0,, that is, 4n4+-4— 
=7R, 

From the equation 4(n+-1)=7k it is evident that it is valid pro- 
vided & is a multiple of 4, that is, if k=4s; it is clear that s can take 


on the values 1, 2, ..., 25 (since 1 k<102). But if k=4s, then 
4(n+1)=7-4s, or n=7s — 1. Since I< n< 102, only the numbers 
1, 2, ..., 14 are permissible values of s. 


We thus have 14 numbers that are common to both progressions 
(5). The numbers themselves are readily found either from the formula 
for a, when n=7s—1,s=1, 2, ..., 14, or from the formula for by, 
for k=4s, s=1, 2, ..., 14. 

It will be recalled that rational numbers are numbers of the form 
p/q , where p is an integer and q is a natural number. If plq is a posi- 
tive number, then p>0, if p/q is negative, then p<. It is obvious 
that the fraction p/q is always considered to be in lowest terms, that 
is, it is always. possible to consider the numbers |p| and q as relatively 
prime. The number 0 is associated with the representation p/q for 
p=0 (and any q). 

A rigorous and complete theory of irrational numbers (a substan- 
tiation of their properties and of operations involving them) is given 
in the course of higher mathematics. Nevertheless, what the school 
curriculum offers must be mastered thoroughly. 

A typical mistake of students is that they judge the rationality 
or irrationality of a number solely on the basis of its outward appea- 
' france and readily assume that an involved combination of irrational 
numbers is all the more so an irrational number. Yet this is not always 


the case. For instance, the number UV 3+V 2)KV 3—V 2)1 — | 
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—2)/ 6 is not irrational: a simple computation shows that it is equal 


3 pon: a As pam 

to 5. Likewise the nutaber Vo 74+-V50+ VY 7—5V 2, despite its 
intricate and “irrational” aspect, is actually a rational number equal 
to 2 (this is quite evident if one notes that the radicands are perfect 
cubes). 

It is therefore necessary to thoroughly justify one’s stand when sta- 
ting that a given number is rational or irrational. Some problems 
will help to illustrate this point. 

5. Prove that log, 18 is an irrational number. 

Since log, 18=-4-+log, 3, it suffices to demonstrate that the num- 


ber log, 3 is irrational. Acsume the contrary, that this number is 
rational. This means that log, 3=p/q. Since log, 3>>0, both numbers 
p and gq may be regarded as natural. Taking advantage of the defini- 
tion of a logarithm, we rewrite the equation log, 3=p/q as 2?=39. 
But this latter equation is not possible for any natural-p and q what- 
soever; on the left is an even number (since p>0), while the right 
member is odd. The resulting contradiction completes the proof. 

6. Prove that the numbers V2, V3, V5 cannot be the terms of a 
single arithmetic progression. 

To many this statement appears to be almost obvious. Some state 
right off that the irrational numbers V2, V3, V5 “cannot be sepa- 
rated from one another by the same number”. Others even “justify” 
this idea by the following computations: /3—V 2 ~ 1.732—1.414= 
= 0.318, and V5 — V3 & 2.236 —1.732 = 0.514. 

Note first of all that approximate computations without an estimate 
of their accuracy cannot be used as proof in mathematics. But even if 
one estimates the accuracy of the computations (this is easy todo), 
the proof is not correct since it demonstrates that the given numbers 
cannot be three successive terms of an arithmetic progression. But it 
is not prooved that they cannot be three, generally speaking, nonadjacent 
terms of a single arithmetic progression. 

We carry out the proper proof by contradiction. Suppose, in a cer- 
ie ae progression with first term a,.and common difference 

, we have 


Vi=a,=0,+(k—1)d, V3=a,=a,4+(m—I1)d, 
V5=a,=a,+(n—I1)d 


Subtracting the first equation from the second and the second from 
the ee and then dividing one of the resulting relations by the other, 
we ge ; 


V3—V2_m—k (6) 


——$<<$<——>—— 


Q* V5—-V3 %—-m 
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The right member of this equation is a rational number because m, 
k and n are integers. For brevity, denote this number by 7 and rewrite 
(6) as V838—V2=r(V5— V3), whence, squaring, we — get 
r?'V/15—V 6=(8r?— 5)/2. The right side of this equation is again ‘a 
rational number. Denote it bys. Squaring both sides of r?V15— 
—V6=s, we get Y10=(15ri—s?+-6)/(6r?). This equation shows 
that V10 is a rational number, which is not true (the irrationality 
of V10 is proved in the same way as the irrationality of V2 is). 
This contradiction demonstrates that equation (6) is impossible, 
which is to say that the numbers /2, V3, V5 cannot be terms of 


a single arithmetic progression. 
7. Determine all such integers a and b for which one of the roots 


of the equation 3x3--ax?-+- bx-+12=0 is equal to 1+V 3. 
The number 1+) 2 is, by definition, a root of the equation 3x3+-. 
+ax?-+6x+12=0 if the following is valid: 
3(1 +3)? +a(1 +V3)? +6(1 +V3)+ 12=0 
or, after simplification and regrouping, 
(4a+ b+. 42) + (2a-+b-+.18)V3=0 
We are interested only in the integers a and 6; in this case the numbers 
p=4a+b+42 and q=2a+b+18 will also be integers. 

We thus have to determine the integers a and 6 for which p+q V 3= 
=(0. At this point many students make a logical mistake by conside- 
ring as “quite obvious” that the latter equation is possible only for 
the case of p=q=0. However, not many can give a convincing justi- 
fication of this fact. Let us prove it. 

Indeed, suppose that p+qV 3=0 holds true for a certain integer 
q=0. Then it would follow immediately that V 3=—p/q, which con- 
tradicts the irrationality of the number V3. Thus, g= 0. But if 
g=0, then from p+q V 3=0 it follows that p too is equal to zero, 

Consequently, the number 1+-/3 is a root of the equation 3x3 
-+-ax?-++bx+-12=0 if-and only if 

4a+b+42=0 
2a+b+18=0 
This system has the unique solution a=—12, b=6, 


Exercises ; 

1. State and prove the criterion of divisibility by 11. 

2. Prove that there js not a single natural number N with sum of digits equal to 
{5 that is the square of an integer. 
' 3. Let p==5 be a prime number. Prove that the number p?—1 is divisible 
y 24, 
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4. It is given that the numbers p, p+2 and p-+4 are primes. Find p. 
-3. Demonstrate that if a natural number ends in the digit 7, it cannot be the 


square of an integer. 
6. How many factors 2 are there in the product of all integers from 1 to 500 in- 


clusive? 
7. Find numbers which are simultaneously the terms of two arithmetic progres- 


sions: 2, 5, 8, ..., 332 and 7, 12, 17, ..., 157. 
8. For what natural numbers n is the fraction (8n-+4)/5 an integer? 
9. For what natural numbers n is the fraction (2n-+-3)/(5n-+7) reducible to lower 


terms? 
10. Find a four-digit number that satisfies the following conditions: the sum of 


the squares of the extreme digits is equal to 13; the sum of the squares of the middle 
digits is equal to 85; if we subtract 1089 from the desired number we obtain a number 
containing the same digits as the desired number but in reverse order. ~~ 


It. Find a three-digit number_abe such that the four-digit numbers abcl and 2abc 
satisfy the equation abcl=3-2abc. ‘ : 
12. Find all five-digit numbers of the form 34x5y (x and y are digits) divisible by 


36. 
13. Determine for what natural numbers n the number n'+-4 is a composite . 


number. 
14. Prove that if the sum k--m-tn of three natural numbers is divisible by 6, 


then #2-+-m3-+-n3 is also divisible by 6. 
15. Demonstrate that for any natural n the number 1... 1—2...2 is the square 
Vd 
Qntimes a times 


of an integer. 

1@. Find all the integral solutions to the equation 2x2—3xy—2y*=7. 

17. Find all the integral solutions to the equation 2x*y°-++y?—6x°—12=0. 

18. Prove that between any two unequal rational numbers a and & there is at 
least one rational number and at least one irrational number. 

19. Can the numbers 10, 11, 12 be terms of a single geometric progression? 

20. Prove the irrationality of the number tan 5°. 
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The method of mathematical (or complete) induction is a very strong 
tool in mathematical proofs. Unfortunately, in secondary school it 
does not receive the attention which it deserves. Most students have 
a rather hazy idea concerning this important method. What is more, 
many proofs in the school course of mathematics are logically unsound 
due precisely to the fact that the induction method was not invoked. 
Recall for instance the derivation of the formula for the general term 
of an arithmetic progression. We write down a number of equations: 


a,=a,+d(1—l), 
a,770,-+d=a, +d(2—1), 
a,=a,+d=a,+2d=a,+d(3—1), ( — (1) 
a,=0,+d=a,+3d=a,+d(4—1) 
and so forth; consequently, for any a the formula a,=a,+d(n—1) 
is valid. The incompleteness of this proof is obvious. We establish 


the formula for a few values of n and then draw the conclusion that 
it is true for any integer n, With that approach, it is possible to “prove” 
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the following assertion: for an arbitrary integer n, n*--n-+-4] is prime. 
Indeed, for n=1, 2, 3, 4 we have 43, 47, 53, 61—all primes. “Conse- 
quently”, the assertion is proved, though it is clear that, for exam- 
ple, when n=41 the number n?+n-+41 is divisible by 41. 

The foregoing example might seem to suggest that one should take 
a much larger number of values of n. Suppose, however, that in de- 
riving the formula for the general term of an arithmetic progression 
we verified it for one million terms. Are we entitled to conclude that 
the formula will hold for all n? Not in the least. We may know a mil- 
lion steps, but we do not know what might happen on the million 
and first step. It may very well be that the formula will break down 
on that next step.* = 

Therefore, the defect of all proofs of that nature does not lie in the 
number of special cases examined but in the absence of a “look to the 
future”, the lack of any knowledge of what will happen on the next 
step. This is all taken care of in the method of mathematical induction. 

The essence of this method consists in the following. 

Let an assertion be verified for a single special case, say for n=1. 
Let us suppose that we can demonstrate that from the validity of this 
assertion for n=k it will always follow that it is valid for the next value 
of nas well, that is, forn=k+1.Wecan then reason as follows: we have 
verified our assertion for n=1, but then, by what has been proved, it 
will be true for n=1+1==2. Now, since it is valid for n=2, it will 
also be valid for n=2+1=8, and so forth, which means it will hold 
true for all values of. n. : 

It might, at first glance, seem that this “and.so forth” is just as 
lacking in legitimacy as were the earlier examples. This is not so, 
however, for we are fully confident that each time we can take the next 
step, and it is therefore obvious that the assertion will hold true for 
any value of n: because any integer can be reached in a finite number of 
steps beginning with n=1.** 

Thus, in order to prove the validity of an assertion for an arbitrary 
natural*** n, we have to prove two things: firstly, that it is true for 
n=1, secondly, that from its validity for n=& follows its validity 
forn=k+1. That is the gist of the method of mathematical induction: 
_ we prove that our assertion holds true for n=1 (this is the basis of 
the induction), then we assume that it js valid for a certain n=f (the 
hypothesis of the induction), and we prove that in that case it is 
valid for n=k-+1 (the induction step). 


* Incidentally, the number n?-+-n-+41 proves to be prime for all n from 1 to 
39 inclusive, and only the fortieth step reveals that the assertion no longer holds. 
What guarantee have we that the formula for the general term of an arithmetic prog- 
ression will not behave similarly, say, at the million and first step? 

** In the rigorous theory of natural numbers, this assertion is accepted as an axiom. 

*** Ordinarily, the natural numbers are the positive integers 1, 2, 3, etc., the 
number 0 not being included. ” ‘ 
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Let us apply this method in proving the formula for the general 
term of an arithmetic progression. The assertion we are about to prove 
is of the form 

a, = a, +d (n—1) 
For n=:1 the assertion holds since the left-hand member contains a, 
and the right-hand member a,-+d(1—l)=a,. Assume that it is true 
for n=zk, that is, a,=a,-+-d(k—1). By the definition of an arithmetic 
progression, a) +;=@ Id, whence, using the induction hypothesis, 
we obtain 
Ap FG +-d(k—1)-+d= a +-dk=a,+d [(k+1)—]] 


which is to say the assertion holds true for n=k-+1. Hence, the for- - ° 
mula for the general term is valid for any n. 

It must be stressed that the induction method is a method of proof 
of specified assertions and does not serve as a derivation of these as- 
sertions. For instance, this method cannot be used to obtain the for- 
mula of the general term; however, if we have found the formula in 
some way, say by trial and error, then the proof of it can be carried 
out by the induction method. That is exactly what we did above: 
equation (1) suggested what the formula for the general term might 
be like, and then we demonstrated this in rigorous fashion. In this 
process, of course, the method of trial and error, the mode of obtain- 
ing a formula or an assertion is not a necessary element of the proof. 
On the basis of some kind of reasoning or guessing we conjecture an 
assertion, then we can proceed to proof by induction. 

Let us consider some examples of induction proofs. 

1. Prove that the sum of n terms of a geometric progression is 


(q?—1 
$,=8 2) 
For n=1 the equation holds true since 
—1 
$,=4,= 4 ) 
Assume that (2) is valid for n=, that is, Sp= ate) Then 
k—] k+l] 
Spir= Sat Qe = aa page= it ) 


or equation (2) is true for n=k-+-1. Therefore it holds true for any n. 
2. Prove that if n is a natural number, then 4"-+15n—1 is divisible 

by 9. 

For n=1, the number 4"+-152—1 is 18, which is divisible by 9. 

Assume that 4%--152—1 is divisible by 9 and take n=k-+-1. Then 


Akt) 4. 15 (kb 1) — 14 (4t-4- 15k 1)—-458-+ 18 
== 4 (4* + 15k-—1)—9 (5k —2) 


ee Ch. 1 Arithmetic and algebra 


But by the induction hypothesis 4*-+ 15—1 is divisible by 9, and the- 
tefore the right member, and so too the left member, of the equation 
is divisible by 9, which completes the proof.* 

3. Demonstrate that if a and b are positive numbers and a<b, then 
for any natural n the inequality a"< b" holds true. 

The assertion is obvious for n=1. Suppose that a* < 6; multiplying 
the inequality by a positive number a, we get a*+} <‘ab*, But bis a 
positive number and so b*a< b*b, or 


qQrtt < Hk+t 


which is what we sought to prove. . 
4, Prove the formula for the number of permutations 


PR=m(m—Il)...(m—n-+1) 


We will assume that m is a certain fixed integer and we will carry 
out the proof by induction with respect to n. For n=1, the left member 
is equal to P},, which is equal to m, and so the formula holds. Assume 
that 

Pi, = m(m—1)...(m—k+1) 


In order to take the induction step, we establish the relation 
Pi}t == (m—k) Ph, 


To do this, write out all permutations of m elements taken k at a time 
and affix to each one each of all the elements that did not appear in 
the permutation. Thus from each permutation of m elements taken 
k at a time we obtain m—k permutations of m elements taken k-+-l 
at a time. There will consequently be a total of (m—k) PE, such permu- 
tations. It is easy to see however that among the permutations thus 
obtained there will be all the permutations of m elements taken k---] 
at a time, each one appearing exactly once. Therefore Pit! =(m—k) Pe 

Utilizing the relation just proved and’ the induction hypothesis, 
we get 


Pret = Ph, (m—k) = m(m—1)... (m—k-+- 1) (m—R) 
. =m (m—1)...(m—k-+ 1) [m——(k-+ 1) +1] 

which completes the proof. ; 
Note here that the method of induction need not begin with n=1, 
It is.of course possible to demonstrate the proposition for some n=ny, 


— 


* This assertion can be proved without induction. Indeed, using the binomial 
theorem, we have, forn 22, 


4" -+ 15n—] = (3-+ 1)?-+ 15n—1 
8B CHR aS E14 15a] 


=9 (84-24 2.30-34 + Ch On) 
whence it follows that the given number is divisible by 9. 
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‘take the induction step and obtain the result that the proposition 
holds true for all integral values of n which are greater than or equal 
to the initial number no. Naturally, the induction hypothesis is then 
of a modified form: namely, we assume that the proposition being 
demonstrated holds true for n==k>>n. Finally, it is important to 
bear in mind that for values of 2< Mp the assertion may be either true 
or not true. At any rate, the proof via the method of mathematical 
induction does not allow us to draw any conclusions concerning the 
validity of the assertion for Ig n<no. ee 

Both stages in the induction proof—choice of the basis of induction 
and substantiation of the induction step—are equally important and 
quite independent of each other. To take an example, let us try to 
find out whether the inequality 2" > n°, where n is a positive integer, 
is valid. It clearly holds true for n=1. We verify the possibility of 
taking the induction step. Suppose that for n= we have the inequ- 
ality 2* > k®. Then it is obvious that 2*+1=-2-2* > 2k?, and to justify 
the induction step it suffices to establish the inequality 2k? > (k-+1)* or 
h2— 2k—1> 0. However, this latter inequality is only valid ifR > 1-++ 
4-V%, that is, if & >3. We cannot therefore take ny=1 for the basis 
of induction because we will not be able to take the first induction 
step. It is then natural to try no=3 for the basis. In this case, we can 
take the induction step, but it is verified directly that for n=3 the 
inequality 2” > n? is not true, and so we cannot start the induction 
process. It is only for n==5 that the inequality holds, and so we can 
take my==5 for the induction basis; for no>n,. the induction step is 
also valid. And so the inequality 2" > n? is true for all integral values 
of n > 5. For some values of n less than 5 the inequality is also true 
(n==1) but for others it is not true (n=2, 3, 4). 

5. Prove that for n>1 the following inequality is true: 


n< (SE) (nl = 1-2-3...0) 


For n=2 we obtain the true inequality 2<(9/4. Suppose that ki< 
<(4)". Then by the induction hypothesis (k-+Il)Il=&l (k-+1)< 


<(4*)" e+). If we now prove that 
lye b-b2\ee | 
(Py er <F) (3) 
the theorem is proved because then 
k-+1\h - 
(ey < (FEV een < (BE) 


that is our inequality holds true for n=k-+1. 
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Inequality (3) can clearly be rewritten as 
1 kt. 
2< (1+) 
But the binomial theorem yields _ 
1 R+1 — 1 
| (14577) =It@+Heyt... >2 


so that inequality (3) holds and the original inequality is thus pro- 
d.* 
6. Prove the theorem: if a product of n>2 positive numbers is equal 
to 1, then their sum is greater than or equal to n, that is, if x\x,...%,=1, 
%,2> 0, X27 0, ..1 Xn >0, then XybX_+ ase ben. 
If n=2, we have to prove the assertion: if x:x.=1, then x,+x, 22. 


But this is obvious since the arithmetic mean abe of two positive 


numbers is greater than or equal to the geometric mean V %4x,=1, 
that is, x,-+x,222. Besides, equality, x:+x,=2, is achieved only 
when x;=4%,=1. a 

Making the induction hypothesis, iet us take any positive numbers 
Xt, ++) Xpy Xpaa that satisfy the condition x, ... x, -1%,X%_p4.=1, If 
each of these numbers is equal to 1, then the sum x4+ ... +x,-+-4_ 4155 
=k-+1, so that in this case the inequality at hand is true. 

But if this is not so, there will be, among them, a number less than 
1 and a number exceeding 1. Suppose that x, > 1, x,41<.1. We have 


Xp vee Xpay XpXp ti) = | 


This is a product of k numbers and so the induction hypothesis is ap- 
plicable and we can assert that 


Kyrie bX pig AX phe, DR 
But then . 
Ny ee x per bip t pg RAM X pe be Xa 
. = R-- 1+ (x,—1) (1-444) > R+1 
since x,—1>>0 and 1—x,41>>0, which completes the proof. 

Note that we also established the fact that, in the relation being 
demonstrated, equality is only possible when all x,—1; however, if 
' not all.x; are equal to 1, then we have the sign of strict inequality in 

this relation. 


From this theorem follows a generalized inequality between the arith- 
metic mean and the geometric mean for n> 2 positive integers: 


ES Ye 10; vvey ty > 0 


* For a different proof of this inequality that does not make use of the method 
of mathematical induction see Problem 15 of Sec. 1.8. 
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Indeed, denote x1 ... X, by cand x;/c by y. Then y: ... Y= 
ee *n -], By what has been proved, yit ... TYn 2A, that is, 


Xb... Xn n or at: Ets > c. This completes the proof. 


This inequality ts widely used in proving other inequalities. For 
example, if we apply it to the integers 1, 2, ..., 2, we immediately 


get the inequality 


n 1+2+...+n 
TARE eee 


o a te _ whence nl < aoe In Problem 5 this inequality 


was proved by induction. The second proof is clearly simpler. 
The method of mathematical induction finds extensive use outside 
of algebra too, such as in the proof of trigonometric relations and geo- 


metric propositions. oe 
7. Prove that for every positive integer n the inequality |sinnx|< 


<n |sinx| holds true. | 
The inequality is obviously true for n=1. Assuming that |sinkx|< 


<k-|sinx|, we prove that |sin(k+1)x|<(k+1): |sinx]. Indeed, 
taking advantage of the inequality |cos kx|<1, we have 
|sin(R-+ 1) x|=|sin kx-cos x + sin x- cos kx | 
<|sin kx|-|cosx]-+]|sinx]-| cos &x| 
< |sinkx|+|sinx| <<é|sinx|-+|sinx|=(k+1)-|sinx| 
The required inequality is thus valid. 
8. Prove that for every natural number n the following equation holds 
true: 
sin Z psin 2S +... +sin—2 sin sin x (4) 
For n=] we obtain the true equality 
sing =2sinz sin > 
Making the induction hypothesis, we consider the sum in the left- 


hand member of (4) for n=3k-+1: 
sin % sin + A 2 sin4t + sin C49 
= 2sin sin @E04 + sin SF * | 
=2sinsinb@t Je +9 sin @+DE ogg CFDS 
= 2sin@be [sin + cos Me Hibs 
Gyve.9 sin Ecos Ete 


6 
(k £1) 65 ie 


== 2sin 


= 2 sin 
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To complete the proof it suffices to note that 


— F n (k—Ian 
cos gous = SIN [--—| 


=sin S74)? = sin (n— TP) = sin Ae 


{ of formula (4) is thus complete.* 
ro a @ plane draw n straight lines such that no two are parallel and 
no three pass through a single point. Into how many parts do these lines 
divide the plane? 

After making appropriate drawings, we can write down the follo- 
wing correspondence between the number n of straight lines satisfying 
the condition of the problem and the number a, of parts into which 
these lines partition the plane: 


n=l, 2, 3, 4, 5,... 
a,=2, 4, 7, 11, 16, . 


It is easy to see** that the following expression will serve as the 
general term of the sequence ap: 


q,=1 -20b) | (5) 


Formula (5) can readily be verified for the first few values of n, but 
this of course does not mean that the answer to the problem is at hand. 
The assertion requires additional proof by the method of mathematical 
induction. ; 

For the moment, let us forget the foregoing and prove that n straight 
lines (no two of which are parallel and no three pass through a single 
_ point) divide the plane into a, parts, where a, is computed from for- 
mula (5). 

It is obvious that (5) is true for n=1. Making the induction hypo- 
thesis, we consider k-+1 straight lines which satisfy the conditions of 
the problem. Separating out & lines in arbitrary fashion, we can say 


that they divide the plane into 1+ 8&5) parts, Now adjoin the 


(k+1)th line. Since it is not parallel to any of the others, it will in- 

tersect all # straight lines. Since it does not pass through any of the 
"intersection points of the other lines, it will pass through the &+1 
pieces into which the plane is divided and will cut each of these pieces 


* See Problem 7, Sec. 2.2, for a different proof of (4) that dispenses with mathe- 
matical induction. 

** First note that, judging by the first terms, the sequence a, is such that the 
differences a.—d,, @y—@,, Qs—a5, ... form an arithmetic progression, and then take 
advantage of Problem . 8 of Sec. 1.7, ’ 
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pieces. Thus, the total 


into two pieces, thus adding another k+l 
ded by the k-+1 straight 


number of pieces into which the plane is divi 
lines is 


(+ DIEED+N Lg 
9 mae Bt, 


1-lGthpep+ialt 


The proof is complete. 5 

It is evident from the foregoing that the method of mathematical 
induction is applied in the proof of propositions involving a natural 
number n. However, many propositions that do not involve n at all 
can be replaced by equivalent ones that depend explicitly on n. The 
following is an illustration. 

10. At any time, the total number of persons on the earth who shake 
hands an odd number of times is even.. 

To prove this, assign to each handshake a number in natural (chrono- 
logical) order. Then our assertion is equivalent to the following: for 
every n, after a handshake with number n, the number of people who 
have made an odd number of handshakes is even. 

This assertion depends on n and we will prove it by induction. For 
brevity, call “bad” the people who have made an odd number of hand- 
shakes, and “good” the rest. 

After the handshake with number 1, we have two bad people, an 
even number. After the &th handshake, the number of bad people is 
even, and let handshake number k-+1 take place. Three cases are pos- 
sible: it will occur between (a) two good people, (b) two bad people, 
(c) a good and a bad person. 

In the first case, two good persons add one handshake to their even 
number and become bad, in the second case, two bad persons become 
good, and in the third, a good person becomes a bad one and a bad 
one goes into a good one. Thus, the number of bad people either increa- 
ses by two or decreases by two, or remains unchanged; in any case the 
number remains even. The proof is complete. 

The examples we have examined show how successfully the principle 
of mathematical induction can be used in diverse problems. At the 
same time, the strength of this method should not be exaggerated, for 
there are numerous problems that would seem to be specially made for 
the induction method, yet attempts to apply it fail. 2 

As an instance, let us try proving by mathematical induction the 
inequality 
1 l l fie 
gros + Oapip <7 


For n=1 this inequality is of the form 1/9<1/4, which means it is 
valid. Assume that it holds for n=: 


1 l } l 
gtagt-)- taps Tt 
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For n=k+1 the leit member is equal to 
E petl eoy, « itece me Pe al l 1 
gtet Tare E Tog tf +axm| + aeTH 
By the induction hypothesis, the sum in the square. brackets is less 
than 1/4 and so 
l l l 1 1 
ott Tapa Sat aE pa 


It is clear that from the above inequality we cannot in the least 
conclude that the left member is less than 1/4. Thus, our proof by in- 
duction has come to a halt. Yet this inequality is easily proved by a 
different method (see Problem 13 of Sec. 1.8). 


Exercises 
Prove the following formulas by mathematical induction: 
1. (a) PEPER. pate EN Cn FY), 
(b) 12-28 2 — 4b (1) (—1ye ED), 
2, 3428434 ...+0= eek 
3. The number of permutations P,, of n elements, n> 1, is 


P,=nl=1-2-3...20 
4. De Moivre’s formula [r (cos p+-i sin 9)]" =r" (cos np-+i sin ng). 


sin ttt sin > 
- § (a) sinx-++sin 2x-+..,-+ sin ax =——_—________ x = Opn, 
sin = 
2 
ae sin (24%) .sin 2 h 
(b) sinx-+-sin (x+A)+...-++sin (e-+nh) ==? 
sin = : 


A & 2kn. . 

oe eas eee | 1 ae 
a ae rs aT es a, Sgn oy oe yo 
Prove the following inequalities: 

7. nl > 28-1 if n> 2. 

8, 2-nl <n" if n> 2. 

% (nl < ee ee io 


10. (2n)l < (FAR)” 


My Me Gama 4 Bn ny | 
“1h, Gare a a sen if a, >0, wee a, > 02 
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e+o+ atbte ree Pe ae . 
(Shae ) > a%bbce if a, b, ¢ are distinct positive integers. 
13. Prove that for every integer n, n?—n is divisible by 7. 
44. Prove that for every integer nm the number [1”"+2-112?"+1 js divisible 
by 133. 
15. Prove 
1 ; I 1 I I 
fogy 2-Tog, 4 * jog, # Tog, 8 ' *** biog, B=1- Tog, a (! 7) log? 2” 


16. Prove that for every positive a and 6 and all natural values of n the in- 
equality (a4-6)" < 2" (a"-+-6") is true. 


17. Prove that for every a > 0 the inequality V ot V atVa+ cet Vac 


< ea ALAS (the left member contains an arbitrary number of radicals) , 


~ 


holds true. 


18, Prove that for all positive integers n and k the equation Cisi:—Caai+ 
4-C24,—... + (— PCha = (— 1)kCF is valid. (By definition, C3,=1 for every 


m and Ch=-0 if g > p.) 
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Two things will engage us in this section: the absolute value (also 
called modulus) of a real number and the principal square root. 

In most cases, students state the correct absolute values of given 
real numbers, but when it comes to giving the definition of the abso- 
lute value of a number, we often hear such meaningless phrases as: 
the absolute value of a number is the number without a sign or the 
number with the plus sign, or the positive value of the number. A clear- 
cut definition of this important concept is required at all times. 
The absolute value of a number a (denoted by {a]) is defined as follows: 


a if a>0O 
Ja|= 0 if a=0 
—a if a<0 


This definition enables one to compute the absolute value of any 
real number. One only needs to use the first, second or third line of 
the definition, depending on whether the given number is positive, ne- 
gative or zero. 

For example, what is the absolute value of the number —3? A full 
answer is: —3<<0, therefore, by the third line in the definition, the 
absolute value of the number ~3 is —(—3)=3, that is, |—3|=3. 

Noting that for a=0 the equality Ja]=a is true, we.can write the 
definition of the absolute value more compactly (also see Exercise 1): 


a if add. 
jal={ —a if aco (1) 


ORE SEI etait ate STOR ILaA PRES 
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From the definition of absolute value it follows that Ja|20 for 
any a. This is a theorem, although it is a very simple one. In the proof 
we consider two cases: 

(a)a>>0. Then |a|=a>>0, which completes the proof. 

(b)a<i0. Then |a|--—a. But —a>0 since a<0, that is jaJ>0, 
which is what we set out to prove. 

Bear in mind that the fact that the expression |a] is always positive 
or zero is not a definition of absolute value but a corollary; the defini- 
tion does not in any way involve the sign of the expression [a]. 

It is easy to see that, geometrically, Ja] denotes a distance, that 
is, the length of a line segment of the number line (a positive number 
or 0) from the point a to zero. It can also be proved (by examining 
separate cases) that |b—a] is the distance between the points a and b 
(see Exercise 5). These geometric representations are very useful in 
solving problems, and in elementary cases permit finding the answer 
immediately without resorting to the standard method which we 
now consider, - 

For example, the equation |[x—1]=2 is solved geometrically as 
follows: its solution set consists of points at a distance 2 from point 
1; that is x,;==3, x,=—1. The same goes for the solution set of the 
inequality |x-+2]<5, which consists of points lying at a distance 
from —2 not exceeding 5, that is, of points in the interval —7<x< 3. 

The following absolute-value properties are very useful in problem 
solving: 

For any real numbers a and b, 

I. [a+b] <|al+|o), 
IT. |a—b| >|}a|—] |, 
Ill. jab] =|al]o], ' 
Vs | 24214) pez oy: 


b 
The easiest to prove are Properties III and IV. This is done simply 
by taking all possible combinations of the signs of a and b and is left 
to the reader as an exercise. Note the following important corollary 
to Property HII: |a|?=a? for every a (indeed, putting a==b, we get 
Ja}?= |a?|, which is equal to a®, since a? > 0), 
To prove Property I note that 


ja-+-b]? = (a -+- 6)? = a? 4 2ab-+- 6 


(|a|4-|6|)P?=laP+2la]-[o|+ 6 =a?+-2|ab]+ 6 
but ab< Jab], so that 


> 


and 


la-+6P<(ja]+[6|)? 
But of two nonnegative numbers |a--b| and |a|--|b|, the smaller 
one is that whose square is smaller. This proves Property I. A diffe- 
rent proof may be given based on examining possible cases. 
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Property I] may be proved in similar fashion or it : 
from Property I. Namely, by Property I it may be derived 
{a[=|(a—6)+6|<|a—b{+] | 


whence {al|—|b|< |a—6]. Similarly we prove that |b|— oes 
But one of these two expressions, either ial [6| or Blots opie 
gative and consequently coincides with its absolute value so that 
{jal—|b|1< la—6], which is what we set out to prove. 

Problems involving absolute values are, as a rule, worked by the 
standard procedure of getting rid of the modulus (absolute-value) 
sign: the definition is used in considering all cases of the distribution 
of signs of the expressions under the absolute-value sign, and in each 
of these cases the modulus is replaced either by the expression itself 
or by the expression with opposite sign. This gives us a problem in 
which there is no absolute-value sign.* This procedure is rather fami- 
liar to the student but two grave mistakes are commonly made when . 
applying it. 

The first mistake is connected with a misunderstanding (or improper 
handling) of the definition of absolute value: when in place of x we 
have some kind of expression f(x) under the modulus sign (this occurs 


rather often), then in place of the proper equation 
~ f(x) if f(xy)>0 © 
MOl=| 7G) it Kayo (2) 


we all too often find the student writing 
_J [) if x«B0 
FOl=\ —fi%) if «<0 


which is obviously quite incorrect, 

The second mistake follows from an insufficient grasp of the logical 
esserice of the procedure itself. Indeed, a consideration of specific 
instances, say in the solution of an equation or inequality means that 
in each case we see the solution only in some narrow region, namely 
in the region defined by the conditions of the specific case at hand. 
This forces us, after finding the solutions, to select those which appear 
in the indicated region, that is, such as satisfy the conditions defining 
the specific case. What frequently happens, however, is that the stu- 
dent correctly isolates the individual cases, solves the equation for ' 
each case, but leaves untouched the conditions of the cases, regarding 
them as something unnecessary. 

True, both types of mistakes are sometimes merely the result of 
carelessness, but they still remain mistakes that have to be rectified. 

* It is well to bear in mind however that this procedure is not in itself a solu- 


tion to the problem at hand. Serious difficulties may arise after its application, The 
technique is to remove difficulties connected with moduli and to 


purpose of this 
reshape the problem so that there is no absolute-value sign. 


3--3480 
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Generally speaking, in problems which involve a consideration of a 
large number of cases, care, accuracy and attentiveness on the part 
of the student are of prime importance. 

Let us consider a number of examples. 

1. Solve the equation x?—2 |x|—3=0. 

To get rid of the absolute-value sign, we consider two cases: 
(a) x>20 and (b) x<0. 

In Case (a) we obiain the equation x? — 2x — 3 = 0, whose roots are 
xy= 3, X,=—I. But for (a) we need only x20 so that only x =3 is 
a root of the original equation. 

In Case (b) the equation becomes x?-+-2x —3 = 0, whose roots are 
x,=1, X,=—38. But in this case, by Condition (b), we are only inte- 
rested in negative roots, x=—3. 

Thus the original equation has the roots x,,.=-+3.* 

2. Solve the equation |x?—x—6|=x-+2, 

Consider two cases in succession: 

(a) x*—x—6<0. In this case we have the equation —x?-+-x+6— 
=x-+2 with roots x,=2, x,=—2. Now check to see whether x, and Xy 
satisfy Condition (a). To do this, substitute these values into the left 
member of the inequality x*— x —6<0. We then obtain the numerical 
inequalities —4<0 and 0<0. The first is valid, the second is not: 
and so only 2 is a root of the original equation. ' 

(b) x? —x —6 20. In this case we have the equation X?—x—6=x-+2 
whose roots are x,=4, ¥,= —2, Since both of these values of x satisfy 
Condition (b), both 4 and —2 are roots of the original equation. 

Thus, the original equation has three roots: —2, 2, 4. 

Let us examine this solution more carefully: first we rejected the 
value x==—2 and then found it again, so that in the end this value 
was a root of the original equation, How is this to be explained? The 
point is that in the first case we rejected x=:—2 but we did not assert 
that it is not a root of the original equation. The only thing we main- 
tained was that this value is discarded due to the restrictions imposed 
on x by the condition of Case (a). Quite naturally, there is nothing to 
stop this value from satisfying the condition of another case and thus 
to become a root of the original equation. 

We now examine a problem in which the first of the two blunders 
mentioned above have frequently been made at examinations. 

3. Solve the inequality 


|x? 3x]+x?—2 >0 


In accordance with the definition of absolute val 


: ue we have to con- 
sider two cases: ; 


(a) x?-+ 3x >0, (b) x?-+3x<0 


* Note that by the substitution y= 


iadtele owation |x| we can reduce the given equation to a 
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yet some students regarded the cases x>>0 and x<O. In the first 
instance, the absolute-value sign can indeed be removed; for x20 the 
inequality x?-+3x2-0 is also true, but for x<<0 we cannot say any- 
thing about the sign of x?-+-3x, yet this did not deter these students 
from writing, for «<0, |x?+-3x|=—x? — 3x or even [x?-+-3x| =x? — 3x. 

In the correct solution, for Case (a) we get the inequality 2x?-+ 
-+3x —2>>0 the solutions of which are x<—2 and x > 1/2. Condition 
(a) is satisfied for x<—3 and for x>0. We now have to choose from 
these solutions those which satisfy Condition (a), or x<—3 and x> 
>> 1/2. This is most easily done in Fig. la. We get the solution [for 
Case (a)]: x<—3 and x>1/2. 


ans % a a 
. atts j——» (4) 
Fig. | i 450 
oe ee ee 
a as ge 


In Case (b) we have the inequality —3x--2>0 or x< 2/3. Con- 
dition (b) is satisfied for —3<x<0, so that out of all the x< —2/3 
there only remain the values of x which lie in the interval -3<ix< 
<—2/3 (Fig. 10). 

Combining the solutions found in (a) and (b) (Fig. Ic), we get the 
answer: x< —2/3 and x> 1/2. 

4. Solve the inequality 2| 34+-5x—2x*|<1—x. 

Consider two cases: 

(a) 3--5x—2x*> 0. In this case the given inequality can be rewrit- 
ten as 2(3-4-5x—2x") << 1—x or, after simplification, as 4x2—11x—5 > 
>0. This inequality holds true for x> (1 1--V 201)/8 and for x<(11— 
—//501)/8. But of these values of x only those that satisfy also the 
condition of the case at hand, that is, the inequality 3-+-S5x—2x? >0, 
can be retained as satisfying the original inequality. Solving this 
inequality, we find that it is satisfied for —I/2<x< 3. é 

Now we have to choose from the intervals x> (11 +Y 201)/8 and 
x<(11—V/201)/8 those values of x which simultaneously lie in the 
interval —1/2<x<3. This is easily accomplished on the number axis. 
Mark points (11-—V 201)/8, (11-+V/201)/8, —1/2 and 3 (Pig. 2). From 
the figure it is clear that not a single value of x satisfying the ine- 
quality x> (11+) 201)/8 lies in the interval —1/2<x<3, which 
is to say that there is not a single solution of the original inequality 
among these values of x. Among the values of x< (11—V201)/8 there 
will be seme which appear in this interval; these are all values of x 


3* 
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in the interval 


11— Y 201 


They form the solution set of the original inequality im the case at 
hand. 

(b) 3-+5x—2x?<0, In this case we have the inequality 2 (2x*—5x— 
—3) << 1—x or 4x*—9x—7<0, Solving this inequality, we get 


—V 9+ V 193 
9 Ferd tT 


However, from these values of x we have to choose only such as 
at the same time satisfy the inequality 3-++5x—2x?<0 whose solu- 


-V20f +261 I-VI. GVIDG 
aa ae eee ae svBs IHVI9S 

Fig. 2 Tope Fig. 3 pat ee Gs Weer ee 
S° * : -$ of J 


tion set constitutes two regions: x<—1/2 and x>3. From Fig. 3 it 
is evident that the interval 


9— V'193 1 - 
YB cx 


is the solution set of the original inequality in the case at hand. 


_ Thus, the solution set of the original inequality consists of two 
intervals 


—~ VY 193 ‘| 11— VY 201 
2a cect and ca HEYBI 


It is easy to see that these two intervals combine into one so that 
the final solution of the given inequality is the interval 


9— V' 193 1l— Y 201 
SoS exc Uo Yor 


A few remarks are in order on how to make drawings like those 
shown in Figs. 2 and 3. The most important thing is to be very careful 
in plotting on the number line the points which correspond to the 
given numbers and see that the proper sequential order of the points 
is maintained. For example, if the numbers are almost alike, do not 
bunch them together but spread them out even if the scale becomes 
somewhat exaggerated. In some cases plotting the points in the requi- 
red order is so complicated that one has to resort to approximate com- 
putations and even, occasionally, to proving numerical inequalities, 

For example, in Fig. 2 the number (11—//901)/8 is to the right 
of —1/2. This follows immediately from the easily proved inequali- 


ty —1/2<(1I—)V/201)/8. In the same way, the number (11+V 201y/8 


Pg RE. ees 
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lies to the right of the number 3 since 3<(11+V201)/8 (because 
V201>14 and, hence, the numerator of the fraction in the right 
member exceeds 25). 

Let us now consider some examples in which there are several ex- 
pressions under the absolute-value sign. To get rid of the absolute- 
value sign in these examples, the procedure calls for examining all 
possible combinations of these expressions. That is what we will do 
in the first example. In the next two we will show how this can- be 
circumvented. 

5. Solve the system of equations 

|x?—2x|+y=1 
we+ty|=1 
There are four possible distinct combinations of signs in the ex- 
pressions under the absolute-value sign: 
(a) x8—2r >0, y>0, (b) *—2x>0, y <0, 
(c) x?--2x <0, yO, (d) x*—2x <0, y <0 
We consider each one in succession. 
(a) In this case we have the system 
x—2x+y=1 
e+y=l 
whence we readily get x =0, y=1. This pair satisfies Condition (a) 
and therefore is a solution of the original system. 
(b) In this case the system is of the form 
—IQe+y=! . 
xvt—y= 1 
whence, adding the equations we get x7—x=1, that is, %1,2= (1 V5)/2. 
The appropriate values of y may be computed from the second equa- 
tion, but this can be done more simply as follows: indeed, x and x, 
satisfy x?—-x=1 and, comparing it with the second equation, we get 
y=X, OF G1.2=(IkV5)/2. 

We check Condition (b). Since y, <0, the pair x1, y1 does not satisfy 
it and must be rejected. Now, since y. satisfies (b), and for x, the ine- 
quality x°—2x >0 is true (because x,<0), in this case we have the 
solution x==(1—V5)/2, y=(I—V5)/2. 

(c) In this case we get the system 

—XV42x+y=1 

xe+y=1 
whence, subtracting the first equation from the second, we get x?—x=0, 
or x;=0, ¥.=1, and y,==1, y,~9. The pair x1, y, does not satisfy (¢) 
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and X2, 2 satisfies (c); hence, the pair x=1, y=0 is the solution set 
in this case. 
(d) Here we have the system 

—x+2x+y=1 


v—y=] 


whence, adding, we get x = I and soy = 0. But this pair does not satisfy 
Condition (d) and so must be rejected, although it is a solution of the 
original system. The situation here is the same as in Example 2 where 
this was explained. 

Thus, the system of equations has the following three solutions: 


x,=0, w=h w=(1-V5)/2, y= (1—V 5)/2; 
x,=1, Yy,=0 
6. Solve the inequality 
[x—1|—|x]+|2x+3|> 2x-+4 


This problem requires considering a total of 8 combinations of signs 
but we can manage things so as to consider only four. This is achieved 
bv a special technique called the “method of intervals”. 

Mark on the number line those values of x for which each of the 
expressions under the absolute-value sign vanishes: the points —3/2, 0 
and 1. Thus, the entire number line is divided into four intervals:*” 


3 3 
x5, —7ZSrx<d, O<x<l,l<x 


Let us consider each of these regions. 
(a) r<—e. In this case, 2x+3<0, x<0 and x—1<0, ie. the 


initial inequality takes the form —x+1-+-x—2x—3>2x-+4, It is 
- satisfied for x<—3/2; in conjunction with Condition (a) we find 
that x<—3/2 is a solution of the original inequality. 
Rial ares - this re oe *<0 and x—1<0, and 
erefore the original inequality takes the form —x-+1 f 
> Pet, ue, 00 vee Pe ioe 
This inequality is usually a stumbling block. How is it t = 
solved? Actually, of course, there is nothing to solve: it is stat “thal 
for every x in the interval —3/2<x<0, the original inequality turns 
es re invalid inequality 0 >0 and therefore has no solution for 
ase (b). 
(c) O<x<1. In this case, 2x+3 >0, x>0 and x—1<0; conse- 
quently the original inequality reduces to the inequality —x-+1— 


* Note that the intervals may also be written thus: x 
: k 7 x — 3/2, —3/2 
3 <x<1,1<-x. It iseasy to see that this does not change anything in the olution 
ur choice was made in accordance with the definition of absolute value in the form 


(1). 
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—x+2x+3> 2x+4. It is satisfied for x <0. But this relation is - 
inconsistent with Condition (c): there are no solutions of the original 
inequality among the values of x in the interval O< x <1. 

(d) 1<-x. In this case the inequality takes the form x —1—x-4-2x-+ 
+-3 > 2x-+4, or 2> 4; in other words, there are no values among x¥> 1 
that satisfy the original inequality. 

Hence the proposed inequality holds true for x <—3/2. 

It is quite clear from the foregoing that the function 


y=|x—1|—|x|+]2*+3] 

may be written in the following form dispensing with the absolute- 
value sign altogether:  ~ : 

—2x—2 { x< + ; 


+4 if —$<x<0, 


4 if 0<x<l, 
Qx+2 if l<x 


This form of representing a function involving the absolute-value 
sign can be very useful in problem solving. 

In the following problem there are difficulties besides the two modu- 
li. True, it is more the nature of the difficulties than the degree which 
deter the student. Incidentally, Problem 6 (Case (b)) is of this kind. 

7. Solve the equation : 

|x?@—9] 4+] ?@—4|=5 


Following the method of Problem 6, we consider three cases:* 
(a) x?<4, (b) 4<xv?<9, (c) 9<x?. 
In the first case, |x*?—9|=9 —x?, |x?— 4|=4 —x? or 


Q—xt+4—x=5, = 4, x. = 2 


y= 


But x2 must be less than 4 in the first case, so the values X1,2== 2 
are unsuitable and the given equation has no roots in this case. 

In the second case, |x?— 9 |=9 —x?, jx°— 4 | =x?— 4 or9—0?+1°—4= 
=5, or 5=5. At this point some students think the equation has “dis- 
appeared”. Actually, nothing serious has occurred; simply the ori- 
ginal equation is equivalent to the identity 5=5 when 4< °<9, 
which is to say it is satisfied for all values of x. This means that any 
value of x which satisfies the condition 4° <9 isa solution of the 
equation. It now remains to solve this double inequality. We then 
get —38SxQ—2, 2S x3. 

Actually, at this examination, some students did just the opposite; 
they wrote: “the equation becomes an identity and therefore has no 


* Here again we could write x*<4, 4ecx?<9, 9<cx* instead, and the final 
answer would naturally be ths same. 
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solutions for 4<.x? <9.” This is a bad misunderstanding which con- 
sists in regarding an identity as something quite different from an 
equation. Actually an identity is a special case of an equation. - 

The third case is considered in a manner similar to the first; no 
new solutions appear. 

Finally, the roots of the original equation fill two intervals of the 
number line, which is rather unusual for equations (unlike the situa- 
tion for inequalities). 

No less interesting in this respect is the following example, where 
the solutions constitute an infinite interval and one more point. 

8. Find the solution to the equation 


Qixt2l_ portray] fa Oeti4 | 


We consider two cases. 

(a) x+220. In this case, since 2'¢+21=2*+2 and Qt+2__ Qxti— 
=2*"), we get the equation 2*+!—1=|2*+!—1], This equation is 
obviously satisfied for 2**1—1>0, or, what is the same thing, x-+1> 
> 0, that is x2—1. These values of x satisfy Condition (a) and are 
therefore roots of our equation. ; 


(b) x+2<0. Here, simple manipulations and the substitution of 
y for 2**! yields 


2y? + 2y + 2y|y—1|=1 


This equation can be solved by considering, as in the previous examp- 
les, two cases for getting rid of the moduli. But it can also be seen at 
a glance that for y>1 the left side exceeds 1 and therefore all we need 
to do is seek the roots y<1; but when y<1 we get 4y=1, whence 
y=1/4 so that x =—3, 

Combining the solutions obtained in Cases (a) and (b), we have the 
answer: x=—3 and x>—1. 

The foregoing examples show clearly enough that the concept of 
absolute value does not put up insurmountable barriers since the ab- 
solute-value sign can always be eliminated by the standard procedure 
of considering separate cases.’ Quite naturally, running through in- 
dividual cases is not the only way to solve problems involving moduli. 

Very often the peculiarities of a specific problem permit finding 
other, shorter and more elegant solutions. This suggests that the stu- 
dent should. not start out immediately with separate cases as soon 
as he sees an absolute-value sign. This approach will always be there 
if nothing else avails. It is best first to take a hard look and examine 
the problem for other approaches. ; 

Sometimes a unique device is found that leads to a solution directly, 
as witness the following simple problem. 

9. Solve the inequality x?-+-x+|x}+1<0. 

The standard technique can be invoked of course, but if we rewrite 
the inequality as |x| <—(x?-+x«-++1), it will be seen immediately that 
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it does not have a solution. Indeed, |x|>>0 for all values of x, and 
the right-hand member of the latter inequality is always strictly ne- 
gative because x?-+-x-+ 1 =(x-+1/2)?+-3/4 >0. 

In the next problem the advantage of a special technique is conspi- 
cuous since the standard procedure requires tedious computations 
involving irrational numbers, while this simple device produces the 
answer very quickly. 

10. Solve the inequality 


|x? —3x—3| > | x?-+ 7x— 13] 


It will be recalled that, when squared, an inequality with nonnega- 
tive members is replaced by an equivalent inequality (see Sec. 1.10). 
Our inequality is equivalent to the following one: 


| x2@—3x—3 |? > |x? + 7x—13/ 
But |a}?=a? so that this inequality can be rewritten as 
(x? —3x—3)? > (x? + 7x— 13) 


Now, transposing all terms to the right side and using the formula 
for the difference of squares, we get 
2 (x? -|- 2x —8)- 10(x—1) <0 


or, what is the same thing, 
(x-+ 4) (x—2) (x—1) <0 

This inequality is readily solved by the so-called method of inter- 
vals (see Sec. 1.10). Its solutions, and consequently the solutions of 
the original inequality are x<—4 and 1<xv<2. 

In concluding this examination of the concept of absolute value, 
we give a problem whose complexity lies in the presence of a parame- 
ter. However, as we will see, the factor of a parameter already makes 
the problem rather involved, requiring both a knowledge of method 
and a proper technique of solution, and also considerable accuracy. 

11. Solve the equation x\x-}-1]+-a=0 for every real number a. 

We consider two cases: x<<—I and x21. In the former case, 
the equation takes the form x(—x—l)+a=0 or x?+x—a=0. This 
is a quadratic equation with parameter a. We are interested only in 
those real roots of the equation that satisfy the condition x<—l. 
Naturally the roots depend on the parameter a: for certain values of 
a the roots may be real, for others, imaginary. For this reason we must 
first indicate the values of a for each of which the roots of the equa- 
tion x?--x—a=0 are real. The condition for the reality of the roots 
is the nonnegativity of the discriminant: D=1+4a>0. In other 
words, the roots of the equation are real for a==—1/4: 


—14+VI-+4e i= —1—V1+4a 
9 ’ 2 9 


= 


42 Ch. 1 Arithmetic and algebra 


For the remaining values of a, that is, for a<—1/A, the roots of this 
equation are imaginary. Consequently, for a<<—1/4 (in the first case 
now under consideration!) the original equation has no solutions. 

Thus it remains to seek the solutions of the original equation in 
this case for a= —1/4. Then, of the numbers x, and x, thus found we 
will have to take those which satisfy the condition x< —1. 

To do this we have to solve the inequalities 

alba 1-+4a Sof aid ated OGL <1 
The first one can readily be reduced to the form 1+/1-++-4a<0, which 
means it is not valid for any values of a. The second inequality is 
reduced to 1 <V1-+4a and is valid for a >0, as can readily be seen. 

Thus, for a>0 the original equation has one real root x=(—1— 
—V1-+4a)/2 that satisfies the condition of the case at hand, x<—1, 
and for a<0 does not have any such root. 

In the latter case, we have the equation x?4-x-+-a=0. The condition 
for reality of the roots, D=1—4a>0, shows that this equation has 
real roots only for a<1/4; for a>1/4 (in this second case) the original 
equation does not have any solution. It remains to find, among a<_1/4, 
those values of a for which the roots of the equation x?-+-x4-a=0 sa- 
tisfy the condition of the case x>—1, that is, to solve the inequali- 


ties 
ia SE ee arr ee i Reale 

The first inequality is reducible to the form 1-+-V/ 1—4a>0 and hence 
is valid for all admissible values of a, that is for a<1/4. The second 
inequality can be reduced to V1—4a<1 and is thus valid for all 
admissible positive values of a, that is, for O<a< 1/4. 

Thus, in the domain x>—1 the original equation has two real 
roots for O<a<i/4: 

Pr Femara g Vi=4a _ —1—Vi—4a 
2 2- 

(for a==1/4 these roots are coincident), and for a<0, only one real 
root x=(—1+V I—4a)/2. There are no roots of the original equation 
for a> 1/4 in the domain x> —, 

To summarize, then, the results of these two cases are 


—! 1— 4a 
ce et Al fora <0, 
—1~—Vi-+4a —1+V1—4a —1—.~T—4a 
5 ae 9 1 > 2 1 x3 >= s 
for 0<ax<4 


a 
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ne 


(for a=0 we have x)= Xs; for a=1/4 we have x,=Xs); 


ai-Vitée for a>t 


In place of remarking that the roots coincide, we could have allot- 
ted the cases a=0 and a=1/4 separate lines: 


x,=—1, x,=0 for a=0, 
en ae l 
x= =a » X= — > for a=4 


Closely connected with the notion of the absolute value of a real 
number is the concept of the principal square root. Let us ask the 
question: What is V < equal to? In other words, how can this expres- 
sion be written without the square-root sign? The most common answer 
is: Vx2=x for every x. It is easy to see that this is not the correct - 
answer. Indeed, for x =—2 for instance we have 


V (a= VIa24—-2 


Another answer one often hears is that Vx?=-bx. This is also wrong 
because, by definition, / x? is a definite number and not two numbers: 


+x and —x. 
To get at the heart of the problem, let us recall the basic definitions 


and facts relating to the concept of a root. 

Definition 1. A number b is called a square root of a number a if b? =a. 

According to this definition the two assertions “b is a square root 
of a” and “b?=a” are equivalent. 

To stress one essential peculiarity of this definition, let us compare 
it, say, with the definition of the square of a number: the square of 
a number 0 is the product of this number by itself. This definition has 
the merit that it gives a rule for finding the number 5%. In contrast, 
the definition of a square root is not so good in that it not only fails 
to indicate a rule for computing the square root, but it does not even 
follow therefrom whether the square root of a given number a can al- 
ways be extracted, and how many roots can be extracted, that is how 
many distinct numbers 6 can be found that satisfy the equality b°=a. 
Hence, the first thing we have to do is investigate the problem of the 
existence and number of square roots of the given number a. 

The complete result is given by three assertions: 

(1) /f a is positive, then there are exactly two square roots of a, one of 
them being positive, the other negative. 

(2) If a =0, there is one square root of a; it is equal to zero. 

(3) If a is negative, the square root of a cannot be extracted (note thal 
in this section we consider only real numbers). 
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The mathematics curriculum of secondary school does not include 
the proof of the existence of a positive root of a positive number." 


The remaining assertions in (1) to (3) are easy to prove and are left 
to the reader as an exercise. 


Consider the positive number a. We can extract two square roots 
of this number. In order to distinguish between them, we introduce 
the concept of principal square root. . 

Definition 2. The positive square root of a positive number is called 
the principal square root of that number. = 

The principal square root of a is denoted by. the symbol Va. The 
expression 0 is always understood to mean the unique root of zero, 
that is, 0. 

Thus, the statement “b is the principal square root of a” is equiva- 
lent to the following two assertions taken together: “b?=a@” and “b> 
20”; it is assumed here that a is a positive number or zero. If 6 is 
the principal square root of a, then the other root is equal to —b. 

To summarize, then, the expression Vx? of which we spoke at the 
beginning is not just any number which, when squared, yields x?, 
but is definitely a positive number or zero, 

Then what is Vx? equal to? 

For the sake of convenience we will assume that «540 since for x=0 
we clearly have V0? = V0 = 0. By Definition 2 we know that Vx 
represents a positive number which, squared, yields x7. It is easy to 
see that the numbers x and —x (and only these numbers) have this 
property. But there is only one positive number among them, and it 
is precisely this positive number that is equal to Vx’, 

Thus, if x is positive, then V =x, if —x is positive (that is, x is 
negative), then V x#=—x. And so we can form the following table: 


x if x>0 
—x if x<0 
Using absolute-value notation, we can write compactly 


Vt=|x| (3) 


for an arbitrary (real) x, 


_ The foregoing is very important with respect to algebraic and tri- 
gonometric manipulations. Disregard of this property can lead to 
serious mistakes (see Problem 1, Sec. 2.2). , 


* A procedure is also indicated that 
preassigned degree of accuracy. The stud 
procedure for computing the square root 
school curriculum dees not include proof 
permit computing a square root, 


permits computing a square root to any 
ent should know and be able to use this 
of a given number. Note, however, that the 
of the fact that this procedure does indeed 


ime 


ea “wes 
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If not all letters in algebraic expressions involving radicals denote 
nonnegative numbers, always use formula (3) when performing iden- 
tity transformations. 
12. Simplify the expression (a>0, a #41) 


2% porate") [1 — (HEH) “| F 


XV (a*-- 2)? —5 — (a* + 4) [a* +4 (1 —a*)] “> 


+ da* [1 + (a* +2) (a —4a* 4-4)? | 
x [at 4.24 (a 4a" 44)? | . 


and determine for which values of x this expression is equal to unity. 
Manipulating algebraically, reduce this expression to the simplest 

possible form. Taking advantage of the definitions of fractional and 

negative powers, we can transform the first summand to the form a* 


and the third to 


4a* 


V at®—4a* 4-4 
Hence, we can rewrite the given expression as 


at* —4a* 44 eae tes. 
[a — — 
Oey VV Oy 


We leave it to the reader to carry out all the formal transformations. 

We already know that the latter expression cannot be written as 
a*—(q*-—2)=2: since the difference a*—2 is not necessarily positive, 
an answer such as “the proposed expression for all values of x is equal 
to 2” is erroneous. The true answer is: “The original expression can 
be transformed to the form a*—|a*—2|.” 

It remains to find those values of x for which 


a* —|a*—2|=1 


If a*>>2, then this equation quite obviously has no solution. But 
if a*<2, then we have the equation a*—(2—a*)=1, for x, that is, 
a*=3/2. Noting likewise that the condition a*<2 is also valid for 
this value of x, we find the desired value to be x=log,3/2. 


Exercises 
1. Are the following equations valid? 

a if a>O, a if a>0 
= b al mM 
(a) 14] { —a if aed (0) ta { —a if ago 


2, Prove that: (a) |x|=|[—x], (b) «| *]. 
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3. Prove that if |a|=0, then a=0. 

4, What ae be ‘iss about the numbers a,, ..., d,, if it is known that 
a|+...-+]@ 
| o Prove tha the distance between the points a and 6 on the number line 
is “aoe to |b—a|. 

- Solve the inequalities (a) |x—a| <6, (b) omg ad where aand b > 0 

are ie numbers, and give a geometric interpre ation of the solutions. 

Solve the following equations and inequalities: 


7. |8x—4 |= 1/2. 8. [xt l[+2=2. 

9. |[x—1|-+2|=1. 10. |x—3| >—1. 

I. [344 21x—x2]<—1. 12, |4—3x |< 1/2. 

13. [x]-+23=0. 14. |x2—1|4+x41=0. 
15. |Qv—2—3]=1, 16. (14-x)?S=|1—x?}. 
17. | x?—6x-+4+8|<4—x. 18. | x?+-4x-+3]| > x-+3. 
19. |x—1L—x? |< | x?—3x-+44]. 20. |—1l_<xt+tx+l. 


2d, | x?@—~—4x-+-2] = (5x — 4)/3. 
22, (x+1)([eJ]—1l=— 1/2. 
23, |x| —2|x-+-1|4+3|x+2]|=0. 
24, Ori as ([/2)ietlitixede, 
25. (x-4-4) 3t- 8-4 — y= (x 1) | 8% — TF - 3 t 11, 
26. |x—1 [> (x+ 1/2. 
27, |x—2| < x/2. ; 
28, | x?—2x—3| < 3x—3. 
29. x? —-|3x-+2|-+-x 20. 
30. x2?-+2|x+4+3|—10<0, 
31. Solve the system of equations 
y—2|x|4+3=0 
ly|+*—3=0 
Solve the following equations for every positive number a: 
32. P+] x]+a=0. 
33. 144'*41— 2.12'¥'+-a=:0, 
34, 9-18-21 4. 3-14 -21_g@ ==), 
35, Prove that if the numbers x, y are of one sign, then 


Vy 


=[*l+ly1 
36. Simplify the expressions 
VA, Vx, Vx, et V xy, V/ xibyio 


37. Is the equation a VY b= VY ab always true? 


38. Simplify the expression V9—6a--a?+ V9+ 6a+@ ifa<—3, 
39. Simplify - 


1 Ee ! 
Vep2Ve-1 Ve—2V x1 
lor k<x<2, : 
40. Simplify the expression 


V (1—cos @ cos f)*—sin? a sin? B 
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1.5 Complex numbers 


One of the chief difficulties of this topic involves the definition of 
a complex number and the rules for handling complex numbers. 
Students sometimes define complex numbers this way: “a complex 
number is | a number of the form a+6i, where a and 6 are real numbers 
and i=V —1”. This definition is not clear at all. First of all (see Sec. 
1.4) the radical sign is used to denote the principal square root of 
a positive real number, so what is V—I? . 
The basic definitions of complex numbers may be given as follows. 
A complex number is an expression a+-bi, where a and b are real num- 


bers and i is a symbol. Two complex numbers a--bi and c+-di are defined 


to be equal if a=c and b=d. 

Algebraic operations involving complex numbers are, by definition, 
performed according to the same rules as are operations involving real 
numbers with the convention that i? is replaced by —1. 

One can then list the formulas for addition, subtraction, multipli- 
cation and division of complex numbers that follow from this defi- 


nition. 


The definition of a complex number given above is, strictly spea-- 


king, not rigorous. We give here one of several possible logically ri- 
gorous constructions of the theory of complex numbers. 

In order to construct the complex numbers we will consider formal 
expressions of the type a+bi, where a and b are real numbers. The term 
“formal” indicates that we do not attribute any meaning to them, we 
do not ask what they might signify and we do not try torelate such 
expressions to any real thing. We regard them in a strictly formal 
fashion: to obtain such an expression we have to take two equal and 
distinct real numbers a and 6, and, using the auxiliary symbols + and i, 
construct expressions of the kind indicated above. For instance, 


2+3i, 2+(—3i), 2+0, OFM, (— x) +V3i 


Likewise, we say nothing about the meaning of the auxiliary sym- 
bols-- and i. The + sign here is not the sign of addition that we are 
used to, for we have always added only real numbers! So we regard 
this + sign as a formal symbol (a straight cross, as it were). Its sole 
purpose is to help in the construction of the formal expressions which 


we desire. ~ 
Since these expressions are absolutely new entities as far as we are 


concerned, we will have to agree on how to distinguish them one from 


another, and in what cases they are to be regarded as equivalent (equal). 
We stress the fact that we have fo come to an agreement on this point 
and to give them’ a definition, and not derive them from any kind 
of earlier stated axioms or theorems. The point is that we have just 
introduced them ourselves and so, naturally, there can be no theorems 
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avolving them so far, and we can distinguish them in any way we 
wish to. 

So we start with the following definition. 

Definition 1. The expressions a+bi and c-+-di will be considered equal 
if and only if a=c and b=d at the same time. The equality of the expres- 
sions a+bi and c+di will be writien a+bi=c-+-di. 

We can now state in which cases the two expressions will differ: 
a-+bi and c+-di are distinct if at least one of the two inequalities az<c, 
b=éd is true. 

Our next task is to learn how to manipulate these expressions (via 
addition, multiplication, etc.). Again, this is something that is left 
up to us. 

ce us proceed from the idea of arithmetic operations: to add or 
multiply two numbers means to apply a rule by means of which a 
third number is constructed that is termed the sum (or product). Thus, 
in order to be able to add and multiply these expressions, we must 
state certain rules for doing so. 

Definition 2. The sum of two expressions a-+-bi and c-+di is an ex- 
pression (a+c)+(b+d)i. We will denote the sum of the expressions 
at+bi and c+di by 


(a+ bi) + (o-+<di) 


Note that here, the sign -+ between the two parentheses has a new 
meaning, it is the sign of addition of formal expressions. 

Definition 3. The product of the expressions a+bi and c+di is the 
expression (ac—bd)+-(ad-+-bc)i. We denote the product of the expres- 
sions a-+bi and c+di by 


(a + bi) (¢+-di) 


We now introduce some generally accepted terminology. 

Expressions of the type a+-bi which differ in accordance with the rule 
following from Definition 1, which are added in accordance with Defini- 
tion 2, and which are multiplied in accordance with Definition 3, are 
called complex numbers.» ~ 

A natural question may arise at this point. Why wasn’t the term 
“complex number” introduced at the start, but only after -bringing in 
three definitions? This would not have been the proper approach since 
' it is possible, on the basis of expressions of the type a+ bi, to construct 

other theories that differ fundamentally from the theory of complex 
numbers, The kind of theory to be constructed depends precisely on 
the rules which we agree upon for handling these expressions. For 
- this reason, when we speak about complex numbers it is not that we 
have in mind simply the set of expressions of the type a+bi, but that 


we always presuppose that they are to be added and multiplied in 
accord with Definitions 2 and 3. 
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So much for the definition of complex numbers. Now let us take up: 
the theory. For instance, we can define the difference between two comp- 
lex numbers a+-bi and c+di as a complex number such that when it 
is combined with c-+di yields a+6i, and prove that this difference 
(a-++bi)—(c+di) is equal to (a—c)+(b—d)i. Next, we can define 
the quotient obtained by the division of a+-6i by c-+-di as a complex 
number, the product of which by c-+di is equal to a+-6i, and prove 


that for c-+-dis£0+0i this quotient ae is equal to 


c-+di 
ac-+-bd 
CO get er) 


and so on. 
Now for the fundamental question of how the real and complex 


numbers are connected. Let us examine formal expressions of the form 
a-+0i. Using Definitions 2 and 3, let us compute the sum and product 
of two such numbers: 
(a+ 0i) + (6+ 07) = (a+ 6) + (0+0)i=(a+6)+0i, 
(a+0i) (b+ 0i) = (ab—0-0) + (a-0+40-b)i = ab + 07 


We see that finding the sum of the complex numbers a+-0i and 6+-0i 
amounts to adding the real numbers a and 6, and then adjoining 0i 
to the result, or setting up an expression which looks like this: (a+ 
+6)+0i. The same goes for a product. 

Thus, operations involving complex numbers having the form a+0i 
are actually performed in the same way as operations involving real 
numbers. It is therefore quite natural to identify the complex num- 
ber a-+0i with the real number a. 

By this identification, we find that the set of real numbers has be- 
come a subset (a part) of the set of complex numbers, which is to say 
that every real number is at the same time a complex number, and 
so the numbers a and a-+-0i will not be distinguished in the future. 

Now consider the complex number 0-+-1i. This number plays so 
fundamental a role in the theory that for brevity we denote it simply 
as i. It then turns out that we can attribute the following meaning 
to the complex number a-+-bi which up to now has been regarded as 
a formal expression: it is the sum of the complex number a (that is, 
a-}-0i) and the product of the complex number 6 (or, 5-+-0i) by the 
complex number i (or, 0-+1i). Indeed, 

(a 4-04) +- (b+ 04) (0+ Li) = (a+ 04) + [(6-0—0-1) 

4-(b- 1 4-0-0) i] = (a+ 04) + (0-461) = (a+ 0) + (0+ b)i=a+bi 


The foregoing reasoning has enabled us to invest with meaning the 
sign (+) in the formal expression a+bi; it can be regarded as the sign 
of addition of complex numbers. 
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It now remains to figure out the main property of the complex num- 
ber i. It can readily be shown that 


P=i-i=0+1)0+1)=—140i=—1— 


Now to summarize our findings: operations involving complex num- 
bers are performed by thesame rules used with regard to real num- 
bers with the convention that i is replaced by —1. 

The equality ##=--1 may be interpreted thus: the number i is a root 
of the equation x?+1=0. It was precisely the problem of solving the 
equation x?-+1=0, which does not have any real roots, that lead to 
the construction of the theory of complex numbers. 

To summarize, we give here a series of definitions. 

The complex number a-+-bi is called a real number if b=0. Examples 
of real numbers are 1, —3, 0.° 

A complex number abi is called an imaginary number if b=0. 
Examples of imaginary numbers are 2i, 1—i, / 7—iV’3. 

The complex number a+-bi is called a pure imaginary if a=0. Exam- 
ples of pure imaginary numbers are —2i, ni, 0 

Note that the number 0 is both a real and a pure imaginary number, 
but is not an imaginary number. 

The number a is called the real part of the complex number a+-bi. 

The number b is called the imaginary part of the complex number a+-bi. 

In the solution of many problems, one requires a geometric inter- 
pretation of complex numbers as points in a plane. Here, an essential 
tole is played by the concept of the absolute value (or modulus) of a com- 
plex number z=a-+-bi, which is defined by 

|z|=Vae +e (1) 
The modulus is clearly a nonnegative real number defined uniquely 
by this formula for every-complex number z=a+-bi. The modulus 
is endowed with a simple geometric meaning: |z| is clearly the distance 
from the origin of coordinates to the point associated with the number 
z. This geometric interpretation is revealed in many problems. 

1. Given, in a plane, a certain point representing the complex number 
z =a-+-bi. Locate the points (a) z+1, (b) z —2-+4i. 

(a) Since the number 2+1=(a+1)+0i, it follows that the coordina- 
tes of the point representing the complex number z-+1 will be (a+1, 5), 
which is to say the ordinate remained unchanged and the abscissa was 
increased by 1. And so the point z+1 is obtained from the point z by 
a rightward shift of one unit (Fig. 4). 

(b) Since the number z~— 2+-i=(a— 2)+(6+1) i, it follows that the 
coordinates of the point representing the complex number z—2-+i are 
(a — 2, 6-+1), or the abscissa is reduced by 2 and the ordinate is increa- 
' sed by 1. And so the point z—2+i is obtained from z by moving 2 
units to the left and 1 unit up (Fig. 4). 

2. On a plane, locate points for which |z|=1, 
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According to the geometric interpretation of the modulus of a comp- 
lex number, all the points representing complex numbers for which 
Iz[=1 lie at one and the same distance, equal to unity, from the origin. 
In other words, by definition, they lie on a circle of radius 1 with centre 
at the origin of coordinates. 

z-24l 


| 
{ 
LH H4— 0-9 


Fig. 4 


3. Let |z|=2; where are the points 32 located? 

The points z which satisfy the condition |z|=2 are located on a circle 
of radius 2 with centre at the origin (see preceding problem). The 
point 3z is located on the same ray as the point z, but is distant 
from the origin three times that of point z. (Why? Make a drawing.) 
For this reason, the points 3z, where |z|=2, are located on a circle of 
radius 6 with centre at the origin. 

4. Let |z|=1; where are the points 1+-2z located? 

The points z which satisfy the condition {z|=1 lie on a circle of 
radius | with centre at the origin. All points 22, where |z/=1, are 
located on a circle of radius 2 with centre at the origin. The point 
2z-+-1 is obtained from point 2z by a rightward shift of 1 unit (see 
Problem 1). And so the points 1+-2z, where |z|=1, are located on 
a circle of radius 2 with centre at the point (1, 0) (Fig.-5). 


Fig. 5 


5. Locate the points for which 2< |z|<3. 

We know that points satisfying the condition |z]=2 are located on 
a circle. of radius 2 with centre at the origin. Now points for which 
\z|>>2 are located farther from the origin than the points of this circle, 
that is, outside the circle. Similarly, points satisfying the condition 
\z|<3 are located inside a circle of radius 3 centred at the origin. 


4* 
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Hence, points which satisfy the condition 2< |z|<¢3 lie inside an 
annulus bounded by concentric circles centred at the origin having 
radii r;,=2 and r.=3 (Fig. 6). of 

A complex number may also be regarded as a vector, the origin of 
which lies at the origin of the system of coordinates in the plane and 
the terminus of which represents the given number. This makes for 


simple geometric interpretations of the operations of addition and 
subtraction. 


If a vector OM , is the vector associated with the number z,==a-++ bi 
and OM, is the vector associated with the number z,=c-++di, then the 


Fig. 7 


sum of these vectors, OM,-+OM 2, is the diagonal OM, of a parallelo- 
gram OM,M;M,. The endpoint of this diagonal, the point Ms, ob- 
viously has the coordinates (a-+c, b+-d) (Fig. 7). Hence, OM; is a vec- 
tor that depicts the complex ‘number z3=2z,-++z,=(a-+c)+(b+-d) i. 
If the vector OM represents the number 2, then the number —z will 
be represented by the vector ON, the terminus of which is a point 
symmetric to the point M about the origin. Thus the operation of sub- 
traction of complex numbers also admits a simple geometric inter- 
pretation. Namely, since z,—z,=z,+(—z,), then in place of the vector 
OM, representing the number z,, we consider the vector OM, sym- 
metric to it about the origin (Fig. 8). Adding, as before, the vector 
OM,, associated with the number 2;, with the vector OM a, we get the 
vector OM,, which represents the difference z,—z,. It is clear that the 
length of the vector OM, is equal to the length of the vector M.M,, 
which is the length of the diagonal M 1M 2 of the parallelogram 
OM MM, Since the length of the vector OM, is equal to the modulus 
of the difference z,—z,, the length of the diagonal MM, is also equal 
to |2,—2,]. We obtain a simple geometric interpretation of the modulus 
of the difference of two complex numbers: |z;—z.| is the distance bet- 
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ween the points M, and M, representing the complex numbers z, and 
z, This interpretation is frequently used in problem solving. 

6. Where are the points associated with the complex numbers z for 
which |z—1|=:2 located? 

If z is the desired point, then the distance between z and | is equal 
to 2. But the points distant 2 from 1 lie on a circle. Hence, points 
representing numbers for which 
Jz—1|=2 lie on a circle of radi- 
us 2 centred in the point (1, 0). 

We can reason differently. De- 
note z—l=w. Then we have the 
equation |w|=2. Consequently, 
the points w lie on a circle of 
radius 2 with centre at the origin. 
But z=w-+1 so that the pointsz 
are obtained from the points w by 
a rightward shift of 1 unit. Hen- 
ce, the desired points lie on a 
circle of radius 2 centred in the 
point (1, 0). 

7. Locate the points that repre- 
sent the complex numbers z for 
which |z+2i}<1. 

We rewrite this condition as follows: |z—(—2i)|<1. Hence, the 
distance from the points z to the point —2i does not exceed 1. In other 
words, all the points which satisfy this condition will lie inside or 
on the circumference of a circle of radius 1 with centre in the point 
(0, —2) representing the complex number —2i. 

8. The complex numbers z satisfy the condition 1< |z+2—3i|< 2. 
Locate the points representing these numbers. i 

Rewrite the condition as 1< |z—(—2+3i)|<2. All the points 
which satisfy this condition lie inside an annulus bounded by concent- 
ric circles having radii r;=1 and r,=2 and centred in the point (—2, 
3) 


Fig. 8 


9. Complex numbers z satisfy the condition 
|z—i]=|2+2| 


Give the location of points representing these numbers. 

The modulus |z—i] is the distance from the points z to a fixed point 
representing the number i. The modulus |z+2|= |z—(—2)| is the 
distance from the points z to a fixed point representing the number —2, 

It is required to find the points for which these distances are equal. 
The solution will thus be a locus equidistant from two fixed points in 
the plane: the point representing the complex number i, that is, the 
aes & 1), and the point representing the number —2, or the point 

20 OY, : 
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From geometry we know that this locus is a straight line perpendicu- . 
lar to a line segment connecting the two indicated points and passing 
through its midpoint. This means that the points representing the 
complex numbers z which satisfy the condition |z—i|=|z+2]| lie 
on a straight line perpendicular to the line segment joining points 
with coordinates (—2, 0) and (0, 1) and passing through the midpoint 
of that segment. , 

10. Locate the points representing the complex numbers z for which 
J2—1|= |z—2|= Jz]. 

The set of points satisfying the condition |z—1 |= |z—2| is a straight 
line passing through the midpoint of the line segment AB, where A 
is (1, 0) and B (2,0), perpendicular to this line segment. The set 
of points satisfying the condition |z2—1|= |z—i] is a straight line pas- 
sing through the midpoint of AC, where A is (1, 0) and C is (0, 1), and 
perpendicular to this segment (see Fig. 9). 


Fig. 9 


It is clear now that the condition 
- le—Ij=|z—-2|=|z—-i| 


Is only satisfied by the single point D lying at the intersection of these 
two straight lines. It is easy to compute the coordinates of this point: 
x=y=3/2. In other words, the condition of the problem is satisfied 
by only one complex number z=3/2+-(3/2)i. 

Complex numbers different from zero are often conveniently written 
in a form called the trigonometric (or polar) form. 

Let us first introduce for these numbers the concept of an argument: 
the argument of a number z=a-+ bi 0 is any one of the numbers @ which 
are solutions of the system of equations 


a 

COs 9 = yr 

Ke nie 2) 
iO Tae 
The argument is not defined for 20. 

From trigonometry it will be recalled that this system of equations 

has an infinity of solutions, and if @ is one of ‘its solutions, then al! - 
the other solutions are obtained from it by the formula 


P= -+2kn, & any integer (3) 
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Thus, any complex number z=£0 has infinitely many arguments and 
all of them can be obtained from one using formula (3). 

Note that the arguments of a complex number z always include one 
that satisfies the inequalities: 0 <p << 2n; it is precisely this value of 
that is called the argument of the number z. However, this restric- 
tion is often too confining. We will adhere to the definition given above 
and use the term principal argument for values of 9 lying in the interval 
from 0 to 2n. Accordingly, wherever, in the sequel, it is required to 
find the argument of some complex number z, we will confine ourselves 
to finding one of its arguments (and not necessarily the principal ar- 
gument). We use the symbol arg z for this argument. 

The argument of'a complex number z has the following geometric 
significance. If acomplex number z==a-+bi=4 0 is regarded as a vector 


OM, then the magnitude of the angle @, through which the x-axis 


Fig. 10 


must be turned counterclockwise to first coincidence with the vector 


OM is the principal argument of z (Fig. 10). The magnitude of any 
angle which differs from @ by an integral number of round angles is 
an argument of that number z.* 

11. Locate the points which satisfy the condition arg z=x/3. 

This condition is satisfied by all points lying on a ray emanating 
from the origin at an angle of x/3 to the x-axis. It must be stressed 
that this condition is not satisfied by the entire straight line but only. 
by the ray, and also minus the origin! (Why?) 

Now let z=a-+6i=40 be some complex number. Denote by 7 its 
modulus computed from formula (1) and by @ one of its arguments. 
Then we can write it in the form 


z=r(cosp-+ésin@) — (4) 


The right-hand member of this equation is termed. the trigonometric 
form of the number z. The trigonometric form of z=0 is not defined. 

The trigonometric form of complex numbers is closely associated 
with their geometric interpretation: formula (4) is a natural consequen- 
ce of geometric reasoning (Fig. 10). 


* From this geometric interpretation it is evident that it is not possible, in any 
reazonable fashion, to introduce the argument of the number z=0. That is precisely 
why it is not done. 
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Given our definition of the modulus and argument of a complex num- 
ber, its trigonometric form (4) is obtained automatically. A different 
approach is also frequently used. The modulus and argument of a 
complex number are introduced via geometric reasoning and then 
formula (4) is proved. The formula itself is sometimes derived on 
the basis of a drawing where point M (a, b) lies in the first quadrant. 
However, this formula is of course valid for any position of the point 


M and the student should be able to demonstrate its validity in every. 


ror instance, let the point M (a, 6) lie in the second quadrant as 
shown in Fig. 10. Then OM,=rcosa, OM,=rsina and a=n—p. 
Since for the points of the second quadrant a<<0 and b> 0, it fol- 
lows that OM,;=—a, OM,=b and, consequently, 


—a=rcosa=r cos (n— Pp) = —r cos gq, 
b=rsina=rsin(n—g)=rsing 
That is, . — ‘ 
a+bi==r-cos 9-+-ir sing =r (cos p-++i sing) 


The formula holds if the point M lies in the second quadrant. It is 
easy to see, incidentally, that there is no necessity to run through 


all the quadrants: the formulas a=rcos@ and b=rsin g can be derived — 


directly from the definitions of the cosine and the sine of the angle 
, whence the validity of formula (4) follows immediately for any 
position of M. 
The formulas 
a=Fr cos @ 
b=rsing 


are formulas for passing from the trigonometric form of a complex 
number to the algebraic form, because it is easy to find a and b if we 


_ know r and g. 


More often one encounters the converse problem: knowing a and 
b, find r and g. The modulus r is determined [see formula (1)] very 
simply: r=V a?+06*, But many mistakes are made in determining the 
argument ». The most typical being this: from system (2) it is clear 
that tan p==b/a, whence p=arctan b/a. Indeed, although tang= 
=b/a, it does not yet follow that o=arctan b/a. In order to determine 
correctly the argument of a complex number z, one has to know in 
which quadrant the point z lies, and this is best done by applying the 
geometric interpretation of a complex number, as is done in the fol- 
lowing example. 

12. Find the trigonometric form of the complex number z=-—6— 8i. 

Clearly, |z)=10 and tan p=b/a=4/3, As can be seen from Fig. 1], 
arg z=n-+a, where @ is an acute angle such that tan p=4/3. For this 
reason a=arclan 4/3 or p=n--arctan 4/3, and so the trigonometric 


1.5 Complex numbers 57 


form is 
z= —6—8i=10(cosp+isiny), p=x-+arctan 4/3 

Note that the conceptof the trigonometric form of a complex num- 
ber different from zero is defined very precisely: namely, it is the comp- 
lex number z5£0 written as 

z=r(cos p+ising) 

where r is the modulus of z and is positive, while the cosine and sine 
are taken of the same angle g, which is the argument of z; they are 


Fig. 11 


connected by the + sign. For example, the following complex numbers 
are not written in trigonometric form: 


z,=cos+isin(—F), a= —2(cos ¢-+ising), 


oe & * . . 
2,= C0s-~—isin >, z,= sin 30° + i cos 30° 
The trigonometric forms of these complex numbers are, respectively, 


7%, sate IH 
2,= cos + Esin-=p, 


z= 2(cosgn+ising a), . 
2, = COS (2x —$) -+ésin (2x —$) ; 
z,= cos 60° + / sin 60° 
It is well to know how to handle complex numbers written in tri- 
gonometric form; besides, certain important properties of complex 
numbers which are extremely useful follow from a consideration of 
operations involving complex numbers written in trigonometric form. 
Actually, there is nothing complicated in the rules for multiplying 


and dividing complex numbers in trigonometric form. The familiar 
formulas of trigonometry are made use of. 
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From these rules follow such properties of the moduli of complex 
numbers as 
8 jail |2el | 22 
z |__|! 
II |2 ~~ [zi 


. <a properties are used rather often in thé solution of man 2 
Nees eae useful formula is a pick 
UL. |l=le!” where n is any integer. It is obtained for any integral 
n=0 as a comsequerice of Properties I and II by means of 
tical induction (see Sec. 1.3). The validity of this property 
for n=0 follows from the generally accepted definition that every 
complex number different from zero is, to the zeroth power, equal to unity. 
Finally, two more formulas are valid that express the properties 
the modulus of a sum and a difference: 
IV. Jz, +221<]41+122l 
V. |z,—2%2 > 1411-1 all 
To prove Property IV, put- 
Zr, (cos p, +i sin p,), 2,=1, (cos p, +/ sin @,) 
Then, using formula (1), we get 
| 2,1 221 =[(7s COS Pi + M2 COS 3) + (r, sin @, +7, sin Q,)| 
=V (r, cos 9, +1, COS @,)* + (r, Sin @, -Fr, sin @,) 
lie Ee ee ee 
om =V r+ 72+ 2p, cos (P, — @,) 
Noting that cos(?,— 9.) <1, we get 
|2,-+22| =V r+ 12+ 2r,r, cos (p, — @,) 
; <V AFA Orr, =r,+r=[2,|+[z,| 
Property V is proved in similar fashion:* 
|2,—2, | =Vri+ri—2r,r, cos (P:— ,) 
SV +N =|, —r|=[]2,|—]z, {| 
It is interesting to give a geometric interpretation of Properties 
IV and V. Let vector OM, represent the number z, and vector OM, 


- the number z, (Fig. 7). Then the vector OM’ represents th 
Property IV signifies that the length of the aieeonal OMof ihe para 
lelogram OM,M;M, does not exceed the sum of the lengths of its 


value of 
mathema 


of 


* Property V may be derived from Property IV. Indeed, the equati 

. . : ® bj 0 = 
==2,-+(22—2,) is obvious, whence lze1=12,+H(ee—z) 1144 144 eee 
|2.—2, [==] z,]—]2, |. At the same time, from 2; =2,-++(z,—2,) we get | z, |= 
= | 29+ (41-22) |< alt 1212 or |%—2,|2|2,|—[2,|. Property V te- 
sults from combining the two resulting inequalities into a single formula. 
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sides OM, and OM,. Property V states that the length of the diagonal 
M,M, is not less than the absolute value of the difference of the sides 
OM, and OM,. , 

Note that properties similar to the formulas | to V were stated in 
the preceding section for the absolute value of a real number. It is 
quite clear that the modulus of a real number, which is regarded as a 
particular case of complex numbers, coincides with the absolute value 
of this real number. Therefore, the above-indicated properties 1 to V 
are a generalization of the properties of the absolute value of a number. 
The proof however is conducted quite differently. 

Let us recall another definition from the theory of complex numbers, 
that of the conjugate complex num 
of a complex number a--bi is the complex number a— 
complex of z is denoted by z. . 

Quite obviously, (Z)=z, which is to say that not only is ti. number 
z the conjugate of z, but, contrariwise, z is the conjugate of z. Thus, 


z and z are conjugates of each other. 
It will be useful to remember the following two properties of con- 


jugate numbers: 
I, zz=[z)*, 
II. |z|=[21 


which follow directly from the definitions. 
Let us now examine some problems that have appeared in examina- 


tion papers. 
13. Locate the complex numbers z=a-+-bi for which 


logi;2]2—2| > log: 2] 2| 


First of all, note that the left member of this inequality is meaning- 
ful for all complex numbers z, except z =2, and the right member, 
for all z= 0. Therefore, the expressions of this inequality have mea- 
simultaneously for all complex numbers z except z=0 and z2=2. 
these numbers that we have to seek the solution of this 


bi. Th: conjugate 


ning 
It is among 
inequality. 

By the rules of logarithms (see Sec. 1.6), for all these numbers our 
inequality is equivalent to the following: |z—2|< Iz]. 

We know (see Example 9 above) that the equation |jz—2|= |z| is 
satisfied by all complex numbers lying on a straight line / parallel to 
the y-axis and passing through the point A (1, 0) because all the points 
of this line are equidistant from two points: O (0, 0) and 
B (2, 0) (Fig. 12). But our job is to find all those points in the plane 
which are closer to-the point B (2, 0) than to the point O (0, 0). 

Quite obviously, these are the points of the plane to the right of 
1 in the domain that includes point B. Thus all the points of the half- 


ber. The conjugate complex number - - 
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ginary. Then 
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he right of J satisfy the condition |z~2|< |z| (Fig. 19). 
oe ane of ie straight line 7 are excluded. (Pig. 12) 

Recall also that the point B(2, 0) located in the half-plane to 
the right of / must also be excluded. 

To summarize, then, all points of the plane located to the right 
of the straight line parallel to the y-axis and passing through the 
point (1, 9), with the exception of the point (2, 0), satisfy the 
conditions of the problem. 


Fig. 12 


14. Suppose the complex number z=4—1. Prove that 


(a) if |z|==1, then the number oS 


~(b) if the number — is a pure imaginary, then |z|= 1. 
Let z=a+bi and z-4¢—1. Then it is clear that z-+15£0, and 


: —1, ; 
the expression ri is meaningful. 


The number a is the quotient obtained by the division of two 
complex numbers, and so its a+ bi (real-imaginary, 


is a pure imaginary; 


, or rectangular) 
form is 
e—1 = N+o! _ er N+ Het bl] 4-1 2b 
z+] (atl)+bl @+le+e 


~atire + apie 
It is then clear that if lz]=Vapo= 1, then a?+6?—1=0, 
or thé number aa is a ‘pure imaginary,* and Assertion (a) is 
proved. 
Let us prove Assertion (b). Let the number a be a pure ima- 
2 b2—-} 
@pIFRoO whence at+o—1=0, that is |z| = 
=Va+b?=1 and the proof is complete. 


* Note that for z=1, which means for a=1 and b=0, z—! 


‘the number | 
is equal to zero Recall that, according to the definiti i ae 
ber Us eepecieeeinaee ig efinition given above, the num 
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15, Find the argument of the complex number 2,=2*—2z if 


z= cosp+ising. 
Simple manipulations show that 


2, = (cos +i sin ~)?— (cos p-++ i sin @) 
= cos? p— sin? p+ 2i cos psing—cos p—i sing 
"=: (cos 29—cos g) + / (sin 2p — sin g) 


= 2sin$ [—sin= +i cos 2 
Thus 


La ine? v2 SP 2 3p \ _ +4 2 
|z, |= V/ 4sin 3 (sin 5 -++ cos 5 )=2|sing 


In accordance with the definition of absolute value we have to 
consider three cases: 
(a) If sin$ =0, that is, p=2kn, k any integer, then |z,|=0, 


and for this reason, 2,=0 as well. Thus, for@=2kx, k any inte- 
ger, the argument of the number 2, is not defined. 


(b) If sin} > 0, which occurs when 2kn < z <(2k+1)a,. that 
is, Or 4kn <p < (4k+2)a, & any integer. (5) 
then |z,|/= 2sine and the trigonometric form of the cormplex num- 


ber z, is as follows: 


z,=2sin & [cos 


5 #90 isin 8 


Consequently, if@ satisfies Condition (5), then 


arg2,= a 
(c) If sin® <0, that is, 
ee: n< p< (4k+4)n, & any integer (6) | 
then |z, |= —2 sin and the trigonometric form of the complex | 


number z, is it 
z,=—2sint [cos sat +isin aye] | 


2 
Hence, if @ satisfies (6), then 
arg 2, = ant Se 


It will Be interesting to give a beter interpretation of the 
solution, which we will do only for the case of 0<@<x. The 


62 _ Ch. 1 Arithmetic and algebra 


number z, = 2?— z= 2?-+(—z) is the sum of two complex numbers 


2= cos 2p-+isin 20 
and 


—Z=—cos @+isinp=cos(n-+ o) +i sin (m+ @) 


which have the same moduli (equal to unity). To find the sum, we 
have to find the diagonal of the parallelogram constructed on the vec- 


tors OM, and OM 2 representing the numbers 2? and —z, respectively 
(Fig. 13). But this parallelogram is a rhombus, and so the desired 


Fig. 13 


diagonal OM; is the bisector of the angle between the vectors OM i 
and OM, and therefore the angle which is formed by the vector OM; 
and the positive x-axis is the half-sum of the angles formed by the 
vectors OM, and OM, with this positive direction; that is, 


arg 2, = arg (222) = PTET E _ tt Se 


16. Find the trigonometric form of the complex number 
z=1+itana 
where —n<la<n, asé--n/2, 
It is natural to rewrite .the-given number as 


‘ l ae 
z=1-+itana=—— (cosa-+i sina) 


At this point, many students at the examination made the serious 
mistake of asserting that this was the trigonometric form of the given 
number. But this is true only for I/cosa>0, that is, when —n/2<a< 
<.n/2 (it is given that only values of a are considered which lie in the 
interval from —z to +m). Now if l/cosw<0, which is the case when 
—I<a<—n/2 and'n/2<a<n, then the above equation can be 
given as 

J ok ! ae 
tos g (7008 &— i Sin &) = — Toyq [eos (+) +i sin (nm 4-)] 
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This latter expression is the trigonometric form of the number z for 
—n<a<—n/2 and for n/2<a<n. 

This problem can also be solved by the general rule for finding a 
trigonometric form; to do this we have to find the modulus arid the 
argument of the number z. The modulus of z is found from formula 
(i): 

ca ee ! 
= = 2 = 
r=|z)=V1-+tan t= Tal 


and the argument is any solution of the system [see (2)! | 


cos =|cos@| 
sing = tana-|cosa| 


(7) 


To solve this system we have to consider two cases: 
(a) cosa>0, that is, aw lies in the interval —n/2<a<n/2. In 
this case |cos@|=cos a, and system (7) takes the form 
cOS@ = COS @ , 
sing=sing 
Clearly, one of the solutions of the system is p=a and, consequently, 
for —n/2<a<n/2 the trigonometric form is 
| 


2= Seq (Cosa + isin a) 

(b) cos a<0, that is, a lies in the interval —r1<a<—n/2 or in 
the interval 1/2<a<xn. In this case, [cos @|=—cos a and system 
(7) assumes the form | 

cos P=—cos a COS P= COS (N+ @) 
sin p= —sin @ sin p= sin (t#+a) 


One solution is p=2+a@, and so for —n<a<—~s/2 and for wWl< 
<a<xn the trigonometric form is 


z= Tea] [cos (1 +a) +i sin (1 +-@)] 


17. Find the integral solutions of the equation (1—i)*=2*, ; 
Suppose a certain integer & is a solution of this equation. Then from 
the equality of the complex numbers (1—i)*=2* follows the equality 
of their moduli, or [(I—é*|=2*. Noting that }I—il=//2, we have, 
by the property of a modulus, 
k 
[(1—i)*|=|1—ifP= (VW 2)t=2* 
h 
Thus, if & is a solution of the original equation, then 2? =2, which 
is only possible when k= 0. 
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Now, by substitution, check to see if the number 0 is a solution of 

. the original equation. Recalling that a nonzero complex number to 

the zeroth power is, by definition, equal to unity, we see that x=9 is 

a root of the original equation. 
18. For every real number a>0 find all the complex. numbers z that 
satisfy the equation 
[|2|?—2iz+ 2a(1+i)=0 

Represent z in real-imaginary form: z=x-Liy. Then l2PP= x24 ya 

and the equation becomes 
xt y?— 2ix + 2y + 2a-+ 2ai = 0 
Equating the real and imaginary parts to zero, we obtain the following 


system of equations: 
e+ y+ y+ a=0 
—2x + 2a=0 
Whence it follows that x=a, and for y we have the quadratic equation 
yt 2y+a?+2a=0 
with parameter a, We seek the real roots of this equation. 

It will be recalled that the roots of a quadratic equation are rea] 
if its discriminant is nonnegative, and therefore our equation has real 
roots only for values of a for which D=1—a?—2a >0, For these valy- 
es of a we get 

ioe —ltVI—@—oq° 

Thus, if the number a satisfies the inequality I—a®—2a>0, then 

the original equation has two solutions 


2,25 4+(~1+V 1a? 9a) i 


(For 1—a*—-2a=0 these two solutions are the same, which is to sq 
that strictly speaking there is only one solution for certain values 


ul a.) For the remaining values of a, the original equation has no soly- 
ions. 


It remains to indicate the range of a over which there are solutions. 
By hypothesis a>>0, and, besides, we found that a must satisfy the 
inequality 1—a?—2a>0 or a’-+2a—1 <9, which is the same thing, 
The solution of the latter inequality is the interval —~IV< 
<ax—1+V2 and, choosing the numbers a>0 from this interval, 
we obtain O<ax<—1+V)2, 

The final answer may be written thus: 


for 0<a<—14+V2 4,2=4+(—1L4+V1—a—Q) j 
for a=—14+/2 @=—14+/9—j, 
for a>—1+)/2 there are no solutions. 
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19. Solve the following system of equations in terms of complex num- 
bers: . 


zl3yytd = 1 
25? = | 
z+ wo —2 


It need not come as a surprise that the system includes three equa- 
tions for only two unknowns. There is nothing strangé in the fact 
that it is required to find two numbers which satisfy three conditions. 

Let us approach the solution of this system in the common way. 
We will derive various corollaries from it and after obtaining some 
solutions from them, we will use substitution to verify that they sa- 
tisfy the original system or are extraneous. 

Cubing both sides of the second equation and dividing the result 
by the first equation, we get 2w*=1, But then z°w’=1 and, dividing 
this equation by the second equation, we obtain z=w. Now, from the 
third equation we find that w*=—I, whence w=, w.=—i, or 2,=/, 


Zo=—l. 
*"A check has still to be made. It is done directly and we find that 
both pairs are solutions of the original system. : 

A natural question might arise as to how we guessed right in com- 
bining the equations in just that way and in getting the answer so 


quickly. Firstly, there is a still shorter solution (by raising the second — 


equation to the eighth power and dividing the result by the first equa- 
tion squared, we immediately get z=w). Secondly, brevity is not a 
necessary condition for a solution. It is also possible to solve this 
system in the ordinary way by eliminating one of the unknowns. 

For example, a very natural approach is the following. Raising 
the first equation to the fifth power and dividing the result by the 
second equation raised to the thirteenth power, we get 


w= 1 


One should not hurry now to extract the root or solve the equation 
w!—1=0: we would then obtain four distinct values for w and, fin- 
ding the values of z which correspond to each value of w, we would 
have a large number of distinct pairs w, z which have to be verified 
to obtain a solution. A much simpler approach is to raise the first 
equation of the system to the seventh power, the second to the nine- 
teenth power and then divide the second by the first to get 


zi= | 


Then the first equation may be rewritten as 2w*=1, whence z= 1/w? or 
z=w (noting that w'=11). The solution is then concluded in the same 
way as above. , 


5—-3480 
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20, Solve the following system of equations in terms of complex num- 
bers: a 

2+w'=0 

2.gi=—= | 


As in the preceding example, we derive various corollaries from this 
system. From the first equation we have z*=—w"; from the second, 
zi=1/w4, whence we respectively obtain 24*=—w** and z'8=1/yss 
and, hence, —w*= 1/3, or wyss==—], ; 

From this equation it follows that |w**w**|=1. Using the properties 
of moduli and conjugate numbers, we obtain |w**w**|= |w|%- |w|s— 
= |w|*=1 so that jwj=1. Reverting to the equation w*w=—1, we 
rewrite its left-hand member: (ww**)w*=(ww)*w?=(|w[?)%w?=w? 
(here we utilized yet another property of conjugate numbers), We 
have thus arrived at the equation w=—1 or w,=i, w,=—i, whence 
Wy=—l, Wea=!, . 

Now compute the respective values of z. If w =—i, then from the 
first equation of the original system we have 

Boa—i' =i 
and from the second, 


Dividing the second of these equations by the first, we have z? 
and, since = 


then z=i. 


Since in this approach we considered consequences from the origi- 
nal system instead of the original system of equations, we have to 
check to see that the values found do indeed satisfy the original system, 


This is done by direct substitution, which convinces us that the given 
system has two solutions: 


=~] 


i, it follows that z=—i. Similarly, we find that if w =i, 


4Z=—i, Ww=—i and. 2z,=i, w,=i 

Exercises 

1. Let |2|=5. Locate the points representing the complex numbers (a) —4z, 
(b) 2—2z,°(c) —1 +32. 

Locate the points representing the complex numbers z for which: 

2.|z, <4. 3. |z| a2. 

4.1<|2| <2. 5. 121<|5[41. 

6. |z+1 |=. 


“T fi-—z| <1. 
9, |i—1—2z| > 9. 


i, lzl=[2-+3|. 


8 |z+i—2|=V7, 
10. 2 |z+i| <3. 
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12. |z—1J=|z+1] =[z—-i V3]. 

13. |z|—4=|z—i[—[z+5i|=0. 

14, [z—i V 2|—| 244] =|z|—1=0. 

15. |z—1 J? +] 2+1 P=4. 

16. |z—1|?-+] 2-+1 fF =5. 

17. Find the complex number z which simultaneously satisfies the equations 


z—1!2]_ 5 and z—4 

eae 7 (ee a eT 
18. Given two complex humbers z, and z,. Find the complex number 

corresponding to the midpoint of the line segment between z, and 2,. 


== 


19. The complex numbers z,, 22, 23 are-the vertices of a triangle. Find all 


the complex numbers z which make the triangle into a parallelogram. 
Represent the following numbers in trigonometric form: 
20. z=—cos 30°-+-i sin 30°. 
21. z= 1-1 cos 40°+/ sin 40°. 
22, z=— cosa-+isina. 
23. z==sina—i cosa. 
24. z=tana—i, Oma<n, ao 40/2. 
Locate the points representing the complex numbers z for which: 


25, arg z= 7/4, 26. arg z==-—-5/6. 
27. n/3 < argz<3n/2. 28, argz=n, |z] <1. 
28. |z—i|=1 30. 0 < argz < 1/4 
arg z= 0/2 jz—Gi|=V 3 


31. Among the complex numbers z which satisfy the condition |z—25/|]<15. 
find the number having the least positive argument. ae ma 
32. Find the argument of the complex number 2y==2?-+-z ifz= cosp-tising, 0< 


p< on. 


33. If the complex numbers z, and z, are such that the product 2,-2, is a real num-_ 


ber, are they conjugate complexes? 
34. If the complex numbers 2, and z, are such that the sum z,-}-z, is a real number, 


are they conjugate complexes? 
35. Prove that if the complex numbers z, and z, with nonzero imaginary parts 


are such that the product 2-2, and the sum 2-2, are real numbers, then z, and z, 


are conjugate complex numbers. ; 
36. Demonstrate that the complex number a-+-bi whose modulus is equal to unity, 


6;£0, can be represented as 
ci 


where c is a real number. 
Solve the following equations. 
37. z7==2, 
38. Zs —z. 
39, 2==2—z, 
40, z=--4z, 
41, 22-+-z== 0. 
42, 2-+4-|z|=0. 
43. For what real values of x and y are the numbers —3 -+ix’y and x?-++y+4i 


conjugate complex? 
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44. Locate the complex numbers z=a-+bi for which: 


—1 4 z[?—[z 1 
2 


2+ \2| 
45. For every real number a>=1, find all the complex numbers z that satisfy 
the equation ; 
z+al|z+1|+i=0 
46. For ever 


y teal number @ >=0, find all the complex numbers z that satisfy 


2\z\|—4az+1+ia=0 


41. Solve the following system of equations in terms of complex numbers: 
22+ wi 0 


the equation 


22. yf = | 


1.6 Logarithms 


When studying logarithms it is important to note that all the pro- 
_ perties of logarithms are consequences of the corresponding properties 
of powers, which means that the student should have a good working 
knowledge of powers as a foundation for tackling logarithms. This 
close relationship between logarithms and powers stems from the 
definition of a logarithm in terms of the concept of a power. 

Here is a definition taken from a commonly used textbook: “The 
logarithm of a given number to a given base is the exponent of the 
power to which the base must be raised in order to obtain the given 
number.” Thus, a number x is the logarithm of a number N to the 
base a if a*=N. 

There is one very essential detail in this definition: no restrictions 
are imposed on the phrase “to a given base”, and so if we are to follow 
this definition literally (and a definition must always be followed li- 
terally), then we will have to concede that 3 is the logarithm of —8 
to the base —2 (since (—2)?=— 8), 2 is the logarithm of 4 to the 
base — 2 (since (—-2)?=4), and so forth. As for the base 1, the situation 
is stranger still: any number x is the logarithm of 1 to the base 1 be- 
cause 1*=} for every x.* 

Any person acquainted with the school course of mathematics will 
say that these examples are meaningless since we have to consider 
only logarithms to a positive base different from 1. True enough, that 
is the convention, but it is much better to impose this restriction.on the 
base directly in the definition. And so the definition should read: 

Let there be a number a>0 and a1. A number x is called the loga- 
rithm of a number N to the base a if a*=N. 

The more attentive readers have perhaps noticed that we have not 
once written x =log,N but have always stated: x is the logarithm of 


* Besides, any positive number is: the logarithm of 0 to the base 0 since 0*= 0 
for all values of x> 0, 


1,6 Logarithms 69 


N to the base a. The explanation is very simple. Until we are sure 
that no number can have two distinct logarithms to a given base, we 
have no right to use the equals sign. Indeed, imagine for a moment that 
some number N has two distinct logarithms to the same base a; then, 
using the equals sign, we would be able to write a=log, N and B= 
log, N, whence a=6.* 

For this reason, we will introduce a notation for logarithms only 
when we are convinced that no number can have two distinct logarithms 
to the same base. Indeed, if two distinct numbers a and B were loga- 
rithms of the number N to the base a, then, by definition, the follo- 
wing equations would hold true: 


a*=N and a=N (x) 


whence at=a*, But then, by the properties of powers with positive 
base different from unity, we would arrive at the equation a= f. Thus, 
if the number N has a logarithm to a base a, then this logarithm is 
unique; we denote it by the symbol log, N. 


Thus, by definition, 
x= log, N if a*=N 


Consequently, the equations x=log, N and a*=WN (provided the 
restrictions imposed earlier on hold true) express one and the same re- 
lationship between the numbers x, a, N: in logarithmic form in the 
former case and in equivalent exponential form in the latter. 

It is easy to prove that negative numbers and zero do not have loga- 
rithms to any base a (with the usual provisions that a>0 and a1). 
Indeed, if N<<O and x=log, N, then a*=N <0, which contradicts the 
property of powers having a positive base. 

-As for positive numbers, we assume without proof that any positive 
number to any base has a logarithm. This assertion is taken in school to 
be self-evident and is not even stated, although it is no easy job to 
establish its validity (this would require invoking a highly developed 
theory of real numbers and the theory of limits). 

Quite naturally, the student must have a thorough knowledge of 
the definition and of the properties of logarithms and must be able to 


prove them. 
First of all, note the so-called fundamental logarithmic identity 


qa N a N 


* Recall that a very much similar situation arose when we defined the square root 
- of a number (Sec. 1.4). There too we introduced the definition without the equals 
sign, and only later found that the definition with equality would have been simply 
impossible, since. on introducing the notation for a square root, we would have been 
able, straightway, to prove something like 2 =—2 (both numbers being “equal” to the 
root of 4 and hence equal). It is precisely for this reason that we have no symbol 
for the square root as such, but only the symbol Y _ for the principal square root of 


a positive number. 
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which is valid for every N and a such that a>0,a=41, N>O. This 
identity follows directly from the equations (x). 

Here are some formulas that are frequently used in problem solving 
(we stress once again that, according to the definition of a logarithm, 
all bases are positive and different from unity). 


I. log, MN=log,M-+log,N (M>0, N>0) 
HI. log, = log, M—log,N  (M>0, N>0) 
II. log, N*=alog,N (N>0, a any number) 
IV. log,? N*= = log, N (N>0, a0, 60) 


V. log, N= je (N > 0) 


VI. log,a-log, b= 1 


Let us prove Formula I. Raise a to the power of log, M+log, N, 


_ By the property of powers and by the fundamental logarithmic identi- 
ty we have : 


q'0fa Mt+toga N — gloga M -qiega N— MN 
The resulting equation 
q'%a M +loga Nw MN 
may be rewritten in logarithmic form [see (x)] thus: log, M--log, N= 


=log, MN, which signifies the validity of Formula I. 
Formula IJ is proved similarly. 


To prove Equation 11, raise a to the power alog, N and utilize the 
properties of powers: ; 


a loga No (ala NV) = Ne 


From this, by the definition of a logarithm, we obtain the required 
equation. 


. Equation IV follows from the manipulations 
a 
(a?) © log N = ge logg N aoe (aloga Nee Ne 


It will prove useful to memorize the following two special cases of 
Formula IV: 


IVa. log,6N = ¥ log, N (N > 0, B40) 
IVb. log,» N*=log,N (N>0, a=<0) 


To prove V, let us first write it in the form logs N=log, b- logy, N. 
The proof is similar to that of the preceding case: 


gloga b- logy N (alogab)logy N — plogs N — N 
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We can reason differently. Writing the fundamental logarithmic iden- 
tit 
y blogs N— N 


we derive from it the equation 
log, (p80 ") = log, N 


(equal numbers have the same logarithms!). Now, using Property III, 
we convince ourselves of the validity of Formula V. 

Formula VI is a special case of the preceding one obtained for N=6. 
Equation V is usually called the rule for changing the base of a loga- 
rithm. This rule makes different tables of logarithms to various bases 
unnecessary, it suffices to have, say, tables of common logarithms 
(base 10). For instance, suppose it is required to compute log, 13. 


On the basis of Property V, we can write log, [3 = ewe Using 


logarithmic tables, we find logy 13 1.1139 and log95 ~ 0.6990, and 
thus log, 13 ~ 1.5937. 

Some other properties of logarithms that are absolutely necessary 
in the solution of inequalities are: 

VII. If a1, then from 0<x,<x; it follows that log, x,<loga x: 
and from loggx1<log, x3 it follows that O<x,<x,. In other words, 
for a> 1 the inequalities O0<¢x,<x, and log, x,< log, x, are equiva- 
lent (see Sec. 1.10). 

VIII. If O<ca<cl, then from 0<x,<x, it follows that loggx.> 
> log, x2, and from log, x, > log, x, it follows that0<x,<x,. In other 
words, when a<<1l the inequalitios O0<x,<x, and log, x1>loga xs 
are equivalent. , 

These two properties are proved in exactly the same way, and so 
we confine ourselves to proving Property VIII. 

Let a number a be positive and less than unity. If the inequality 
0<x,<(x, holds, then there exist numbers log, x, and log, x;. Using 
the fundamental logarithmic identity, rewrite the inequality x.<x, 


in the form 
Q' 8a * < q!Ga *s 


Whence, by the properties of a power to a base less than unity, we 
conclude that log, x, >>log, x. 
Conversely, if the inequality log, x, > log, x. is true, then, firstly, 
both numbers x; and x, are positive. Secondly, raising the number-a, 
0<a<1, to the powers log, x, and log, x,, we get (again by the -pro- 
perties of powers to a base less than 1) the inequality 
gga q'@a *s 


or x,;<<x,. Now since, as we have already mentioned, the numbers 
x, and x, are positive, it follows that 0<x,<.x,, which completes 
the proof. 


Tt eterna eee enna te 
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The following statements are consequences of the properties that 
have just been proved: 


Vila. Ifa>1, then the inequalities log,x<a and O0<x<a! 
are equivalent. 


Vilb. If a> 1, then the inequalities log,x >a and x > a® are 
equivalent. 


Villa. If O0<a<1, then the inequalities log,x<a@ and x >a” 
are equivalent. 


VIIIb. li 0<a<1, then the inequalities log; x >a and0 <x <a" 
are equivalent. 


To prove this it suffices to note that a= log, a’. 


From these statements it is easy to derive that logarithms of 
numbers exceeding 1 to bases exceeding 1 are positive and loga- 
rithms of numbers less than 1 (but positive!) are negative; and, con- 
versely, logarithms to bases less than 1 are negative for numbers 
exceeding 1 and positive for numbers less than 1. 

Let us now solve some problems involving the basic properties 
of logarithms. : 


1. Compute log, 27. 
.By Formula IV we have 
| logy 27 = log,ss 3° = 355 log, 3=2 
log, y= 15 
2. Compute gu2va 
By Formula IVa we have 


log,yz 15 = log,s/, 15 = + log, 15 
Applying the fundamental logarithmic identity, we get 


log yp— 15 
. eye! wm 22/3 logs 15 (Qlogs 15 )2/3 — 1 52/3 = j)/ 295 


3. Compute log, 5-log,, 27. 
By Formula IV, we have 


log, 5- logs, 27 = log, 5-log,s 3° = 3 log, 5- log, 3 


And since, by Formula VI, log,5-log. 3=1 it foll 
log, B- log,, 27 = 3/2. Spe eee sca ae <I OHO WS altel 


1 
4. Compute (j/9)5 toe3, 
By Formula VI we have 


I 1 
Blogga = & (855 
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It then only remains to take advantage of the fundamental loga- 


rithmic identity and the laws of exponents: 


1 1 1 
(7/ 9)5 toes = (9 1/3) 5 Tog Pt (32/3) 5 logs 


w= (Glows 5)2/3-1/8 xe 52/15 — 18/95 
(3 ) 5) 25 


V (eye 
5. Compute (wa) Fog, 9 


Using in succession the laws of logarithms and exponents we 


compute the radicand: 
gc loeras + hog, 13 
1 2togs9 1 moey 2 I _ 
(7H) ig =" (V 27) =" (Sto 19)3/8 = 3 3. 133/8 
whence it is clear that the given number is equal to 3-9/2. 139/18, 
6. Which is greater, log,5 or logins 5g? 
By Formula IVb, we have 


1 
logisre 5g = logy-2 5? = log, 5 


so that the two numbers are equal. 
7. Compute log, 2-log,3 ... logy) 9-log,, 10. 
By Formula V, ; 


_ logy 2, __ login 3 . : _ login 9 
log, 2 = jogs 3 log, 3 = og eo log, 9= jog,, 10 
whence 
— log 2 — logy, 3 log., 9 - 
log, 2-log,3 ... logy 10> ies 3 Mpg a 2 log 10 logy, WO login? 


8. Prove that the ratio of the logarithms of two numbers is not 
dependent on the base; that is, 


loggN, logy NV 
ae Na en (N, > 0, N,>90, N,# 1) 


By Formula V we have 


loggN, logy Ny __ 
co ag logy, V, and 7 logy, Ny 


whence it is clear that our equation holds true. 
9. Which is greater, log,3 or log,;,5? 


Since log, 3 > 0 and log 1,5 <0, it follows that log, 3 > logiy. 5. 


10. Which is greater, log,7 or log, 3? 
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Since log,7>1 and log,3 <1, it follows that log,7> log, 3. 


Ya, 
ll. Compute logan == if log,a == 4. 
By the laws of logarithms we have 


Ya! I 4] 
logas VE = T Gar t— 5 loge, b= 7—z loggy b 
It remains to find the quantity log,,b. Since 


1 = log,, ab= log,,a+ log,, b= 4+ log, 5 
it follows that log,,6—=— 3 and so 


12, Compute log, 16 if log,.27=a. 
The chain of transformations 


log, 16=4 log, = =e 


shows us that we have to know log, 3 in order to find log, 16. 
We find it from the condition log,, 27 <= a: 


a= log,,27 = 3 log,,3 = —.- = 3 3 3 log, 3 


which means that log, 8 = 574. (note that, obviously, a5&3). We fi- 
nally have log, 16 = -G=2) | 


13. Compute log,,24 if log, 


15=a and log,, 18=f. 
We have the equation Pe P 


1 
logy, 24= (tog, 3-+3 log, 2) =F log, 2 ++ 1og,3 


which shows us that we have to determine log,2 and log, 3. The 
equation log, 15=« yields 


a = log, 15 = log, 3-+ log, 5 = 


1 . 1 
1-+ logs 2 a log, 2-+ log, 3 
and the equation log,, 18=B yields 


1 2 
B = log,, 18 = log,, 242 log,.3= Tplos + 1+ 2 logs 2 
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Taking logs to base 5 in all cases, we find, by Formula V, 


PRUE Sete eeteret om test Oeeegr yeeee mervearg Tepe ccs Ca 
1+ log; 2 ' logs 2-+ logs 3 1.108 2° logs 2+ logs3 ~~ logs 2+ logs 3 ” 
log, 3 
pap te 5+ = es 
2+ log, 3 ' 142 logs 2 94 10858 1-2 10852 log, 3-++ 2 log, 2 
Togs 2 logs 3 


The last two equations may be regarded as a system, of equations 
for determining log,2 and log, 3: 


-a log, 2-+- (a#—1) log, 3=1 
(26 — 1) log, 2+ (B— 2) log, 3= 0 
If « (B—2)—(a— 1) (2B—1) = —a—aB + 2B — 1 40 (see Sec. 1.11), 
then this system has the solution 
28—1 


3= sy ap— wt 1 


2—B 
log, 2=srageap TI’ |e 


We finally get ak 
l0Gss 24 = 95 F Doh WBTE 


Now let us verify that the expression a+ap—2B-!-1 is indeed diffe- © 


rent from zero. Thus, we have 
a -+- af —2B-+ 1 = log, 15 + log, 15-log,, 18—2 log,, 18+ 1 

= (log, 15—log,, 18+ 1) + log,, 18-(log, 15 — 1) 
The second summand here is positive since log. 18>0 and log, 15>1. 


As to the first summand, using the properties of logarithms, we can 
write log, 15 > 1, logi2 18<2 and so log, 15-— logi, 18-+1=>0. Thus, 


the expression a-+-aBp—2B+1 is positive. 


The properties of logarithms, among them the properties I to VIII 


given above, are widely used in solving a broad range of problems, 
such as logarithmic equations and systems, logarithmic inequaliti- 


es, and so on. We give here some of the simpler kinds, leaving the 


complicated ones to Secs. 1.9 and 1.10. 
14, Solve the equation x-+logy (1+-2*)=« logis 5+1ogio 6. 
Transposing xlogyo5 to the left member of the equation and utili- 


zing the laws of logarithms, we get 
Xb logis (1 + 2*) —x logy, 5 =x logy, 10—x logy) 5 
+- logy) (1-+ 2*) = logy, 2* (1 + 2*) 
The equation can thus be rewritten as logis 2*(1 +2*)=log,. 6, whence 
(2*)? -+- 2%*—6=0 
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Denoting z= 2*, we arrive at the quadratic equation z?+2—6=0 
which has the roots z,=—3, z,=2. Since the equation 2¥ = —3 is 
impossible (because 2* is positive for all values of x), it remains to 
solve the equation 2*=2. It has the root x=1, which is the sole root 
of the original equation. : 

15. Solve the equation 


log, (ax) - log, (ax) =loga +, where a>0, ul 
Clearly, the roots must satisfy the conditions x>0, x=41. Using the 


properties of logarithms, transform the expressions that enter into 
this equation: 


1 1 a 1 
log, (ax) = 1+ log,a=1 Tits a , 


logas = —+ log, a== , log, (ax)= 1+ log, x 


Our equation can now be rewritten as 


(logg x-+ 1)? 
log, x 


eats 
et ae 
whence (log, ye log, x+1=0. Solving this equation we get 


=a ae ars 


16. Solve the system of equations 


5 (log, x-+ log, y) = 26 
xy = 64 


It is clear that it must be true that x>0, y>0, x41, yAl. De- 
noting z=log,y and using Formula VI, we find that the first equation 
of the system can be rewritten as 5 (2-+ 1/2)=26, whence 2,=5, z,= 1/5. 
This means that.the solutions of the original system must be sought 
among the solutions of the system 


log, y=5 
xy = 64 
and of the system 
. log, y= 1/5 
xy = 64 


Solving these systems and choosing those solutions which satisfy ° 


the conditions x>0, x541,y>0, y541, we obtain the answer. The 
original system has two solutions: x,=2, y,=32, x,=32, Y2=2, 
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17. What can be said about the number x if it is known that for every 


real ax=0 ; 
log, (a+ 1) < 0? 


For every a0 the number 1-+a?> 1. But since the logarithm of a 
tiumber greater than unity is negative only to a base less than unity, 
it follows that x<1. Furthermore, since logarithms are only 
considered to a positive base, x>0. And so finally we see that the num- 
ber x of our problem is taken in the interval O0<e<l.. 

18. Find all x such that log:;,x> log.,, x. - 

From Formula V_ we have 
‘lo x 
Bi/2 i = logiss > logs. x 
108 1723 


logij3 X= 


And so our inequality can be rewritten as 
logij2 ¥ (1—logs/s z) >0 


Since I—log.,4> 0, from the latter inequality we obtain log:,,x>0, 


whence x<1. But the original inequality is meaningful only when 
x~>0. Therefore all x that satisfy the original inequality lie in the 
interval O0<¢x<cl. - ; 

1 


19. Solve the inequality logger a>}. 

The fraction 1/p is greater than unity if its denominator p ties bet- 
ween zero and unity. Thus, our task is to find values of x such that 
their logarithms (to the base a> 1) lie between zero and unity, that 
is to say, so that the following two conditions hold true simultaneously: 
O<log, x and log, <1. The first states that the values of x must. 
exceed unity, the second that they must be less than a. Hence, the 
solution of the original inequality is the interval l<x<a, 

We can also reason differently. The left member of the proposed 
inequality is meaningful only for positive values of x different from 
unity, and so the inequality may be rewritten as log, a>> 1. This ine- 
quality holds true only for values of x which are greater than unity 
(since for O0<x<1 we have log, a<0 whena> 1) but less than a 
(since for x>>a> 1 we have, by the logarithmic laws, log,,a< 1). 

In the foregoing examples, Formulas I to VI were used successfully 


to transform a variety of expressions both with concrete numbers and 
literal data. Such manipulations are necessary primarily in the solu- 
tion of equations and inequalities. 

But in many such cases these formulas are not sufficient. First of 
all, this is due to the fact that the letters in the formulas have ta sa- 


tisfy very stringent restrictions. A still greater drawback of Formulas 
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I to IV is that the right and left members are meaningful for different 
restrictions on the values of the literal elements that enter into them, 

For example, in Formula I, log, MN has meaning when the numbers 
M and N are both positive as well as when they are both negative, 
By contrast, the right-hand member of this formula is meaningful 
only in the first instance. But this means that if we transform an equa- 
tion and replace the logarithm of a product of two expressions M 
and N containing the unknown by the sum of the logarithms of 
these expressions, then, for values of the unknowns which make M 
and N negative numbers, we change the meaningful expression log, MN 
into a meaningless expression log, M-+-log, N. As is explained in Sec. 
1,9, we would thus lose certain roots of the equation at hand. 

The very same goes for Formulas I] and III. 

For these reasons, formulas of a more general nature are used in 
solving problems containing unknowns: 


I*. log, MN =log,|M|+logs|N]  (MN.> 0) 

II*, log, = log, | M|— log, [| (MN > 0) 

III*. log, N%=2klog,|N| (N30, & an integer) 

IV*. logukN = logehN (N>0, ko£0 an integer, x0, 
[x54 1) 


It should be noted that Formulas I* and II* also have the draw- 
backs stated above: their left and right members are meaningful for 
different restrictions‘on the values of the letters that enter into them. 
Namely, the right-hand members have meaning for arbitrary M and 
N different from zero, while the left-hand members are only meaning- 
ful for M and N having the same sign, which means that they are 
subject to more stringent restrictions. For this treason, replacing 
loga MN by loga|M|-+log,|NV| when solving equations can lead to 
extraneous solutions but not to the loss of solutions, as can happen 
when using Formulas I-IV. Since acquiring extraneous solutions of 
an equation is preferable to losing solutions (superfluous solutions 
may be discarded by verification, but lost solutions cannot be found)), 
one should use formulas I * to IV * when manipulating literal expres- 
sions. 

Here are some problems which illustrate the importance of utili- 
zing these properties. 

20. Simplify the expression 


log, ==) log, 4x4 


and then compute its value for x=— 2, 
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It is quite evident here that computations by Formulas I and III, 
that is, 
log, 47 —2 log, 4x! = 2 log, x—log, 4—2 log, 4—8 log, x 
= —3—6 log, x 
are erroneous because the latter expression for x=— 2 is meaningless, 
whereas the original one is meaningful and is equal to —6. °° 
This paradoxical result is due to the fact that Formulas I and JI! 


are only applicable to positive values of the letters. Now if we use 
Formulas I * and III* in which the values of the letters may be ne- 


gative as well, we get 
log, —2 log, 4x* = 2 log,|x|—1—2—8 log, | x[=—3 —6 log, |x| 


It is clear that for x ==— 2 this expression is equal to —6. 
21. Solve the system of equations 
log, xy=5 
log1/. c= ] 


Using Formulas I* and I] *, rewrite the system as 


log, |«|-+ log, |y[=5 
logij2|*|—Jogi2|y|=1 


Denoting z:=log2|x|, 2a=logzly|, we get 


2,+2,=5. 
2,—2,=—1 


whence z,=2, 2,=3, and so |x|=4, |y|=8. 

But this does not mean that the original system has four solutions: 

. x,=4, y, = 8, X,=—4, y, = —8, 
X,=4, Yy=—8, %=—4, yy=8 

because it is required that the expressions log.xy and logy, > be mea- 
ningful. They will clearly have meaning only for x and y having the 
same signs. And so our system will only have two solutions: x,==4, 
yi=8, and x,=—4, y.=—8. 

Thus, using Formulas I * and II * we acquired extraneous solutions 
which were readily discarded in a verification; now if we had used 
formulas I and II and had rewritten the system as 

log, + log. y= 5 
logij2X—logisy = 1 


we would have lost the solution xz=— 4, ya=— 8. 
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Note also that the original system may be solved in a different Way 
by reducing it directly to the system 


x 1 


os 


xy == 82, 


whence the required answer is obtained. 


Exercises 
Compute tlhe following. 
v 
1, (a%)~8 logas N 2. — logs log, log, 16. 
8, log, tan (0.25m). 4. log, tan = ; 
3 1 
~2/, - . } 
5. lo lo Vv y 0.125. ae, 
80.75 1082 VY Ver, 1 
logn logs N 
7. a7 10a ; 8. logy) tan 1°-+- logy, tan 2°... + logy) tan 89°, 
9. logyy tan 1°-log,) tan 2° ... logy, tan 89°. 


10, 210835 __slogs 2- i. (a3) * 4.57 logt/,7 


12. Find x if 1 — logy) 5=-4 (logis 4+ tors, xe logis 5 ) 


In the following examples which number is greater: 
13. log; 2 or log, 3? 14. log, 5 or log, 5? 
15. log, 3 or log, 11? 16. log, a or logs a? 


17. log, 2 or log, 3? 18. }/0.01 or 3/0.001? 

19. Prove that if a=log,, 18 and B=log,, 54, then aB-++5 (a—B)= 1, 
20. Find log,, 168.if log, 12=sa and logy, 246. 

21. Find loggg-8 if logsy3=a and logs) 5=6. 


! 
22. Prove the formula 8424 =1+-Jog, 6 and indicate the permissible values 
loggy NV . 


of the letters. 
23. Prove the identity 


logg N-logs N+ logy N-log, N+-log, N logy N = |28a.N logs N log, N 
logabe. N 


24, Compute the sum of 
1 l 1 I 
log, NV acer N 7 io: N al a bigs N 
where N = 1967}. : 


25. Prove that if a and 6 are the lengths of the legs and c is the length of 
_ the hypotenuse of a right triangle, c—6 41 and c+6 #1, then 


logesp a+ log,» a=2 log, 44 a-log,— pa 
26. Prove that [log, a-+ log, 6|==2 (a and 6 are positive numbers not unity). 
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eer 


] 
27. Prove that logjog, 27 > 0. 


I 
28. Prove that log, 17-log,/, 2-logs aed 2. 


For what values of @ and 6 is the following inequality valid: 


29. 
log, (ab) > log, (=) ? 


30. Prove that log, 3 is an irrational number. 
Find all real values of x for which the expression 


3i. 
log os 
iV pel 
a real number. — 


Solve the following equations: 


8 
oes (3) 


(logsxy? 


33. V log, x*-+ 4 log, v2 = 2. 


34. log?) x8 ~20 logis V x-+1=0. 
35. log, x—8 log,: 2=3. 
36. logy -z 2-4-4 log, x?-++9=0, 
37. log, 3-log , 3+ log, 3=0. 

3 81 
38. log, (ax)-loggx=1+-log, Va. 
39. log;a—log , a=log, a. 

3 


~3 lo 
40. x(l0ss 9-3 logs x __g le ies 


Solve the following systems of equations: 
106 yg FFM clogs (xy) 


1 
log, x-+ logs y =>: 


32. 


41. 2 


42. log: y= 2y? 


43. log, xy- log, =o 3 


log: x + logs y=5. 

44. 2/8 y/3 — x3 y2/3 7) 
log, x-+ log; y= 1. 

45. logy x—logg2 y=m 
logg2 x—loggsy=n. 


6—3480 
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46. log, x-+ logy y+ log, z= 2 
logs y-+ log, z+ logy x= 2 
log, 2-+- logis ++ logig y= 2. 
47, 2x¥—x-V=1 
logsy=V x. 
48. x?==1+6 logy 
y= 2% yt Qx42, : 
49. Solve the inequality log, j% + logs x > 1. 


i 


50, Solve the inequality x!°10*.Jog,,x < 1. 
51. For which values of @ are the roots of the equation x2—4x—log,a=O real? 


1.7 Progressions 


The study of arithmetic progressions does not usually cause any 
trouble, but occasionally there is some misunderstanding in the de- 
finition of a geometric progression. We shall therefore investigate 
this matter in some detail. 

Some textbooks define a geometric progression as follows: “A geo. 
metric progression is a sequence of numbers each term of which, from 
the second on, is equal to the preceding one multiplied by some norz- 
zero number which is constant for the given sequence.” Other textbooks 


fail to give the restriction “nonzero” number. Thus, from the Viewpoint 
of the first definition, the sequence 


20 050. astee Ob. oe (1) 


is not a geometric progression, whereas the second definition permits 
considering it a geometric progression with “common ratio zero.” 

There can of course be a certain choice of definition. That freedom 
always exists. It is meaningless to argue about whether a definition 
is correct or not, since a definition is never proved. But when stating 
a definition, one should be guided by considerations of expediency, 

Let us consider the second definition from this point of view: we 
will allow for zero common ratios. 

The introduction of the general notion of a geometric progression 
was due to the desire to study sequences with positive terms in which 
each successive term is greater than the preceding one by a definite 
number of times. Such sequences occur frequently in a broad range Of 
problems. But if we take the sequence (1), the question of how many 
times greater is the third term than the second is devoid of any mean- 
ing. It is extremely desirable that a geometric progression be recom- 
structed uniquely on the basis of any term and the common ratio. 
However, if it is known that the common ratio of a progression is equal 
to zero and its third term is also zero, then it is clearly impossible to 
determine the first term unambiguously. What is more, if (given a com: 
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mon ratio of zero) the third term is nonzéro (say unity), then there is 
no geometric progression that can satisfy these conditions.* 

From the foregoing it is evident that sequences like (1) possess ano- 
malous properties; it is quite inexpedient to call such sequences geo- 
metric progressions. It is thus reasonable to demand that the defini- 
tion of a geometric progression require the common ratio to be nonzero. 

Even this definition has certain drawbacks. Within the framework 
of this definition, there is nothing to prevent us from regarding the 


sequence 
0.02010: yO), S55 (2) 


as a geometric progression with common ratio 2 or 1/3. It is quite 


undesirable to have such ambiguousness in the common ratio of a 
progression. * * 

To eliminate this possibility, it is best to define a geometric prog- 
ression as follows: A geometric progression is a sequence of numbers 
such that the first term is nonzero, and each of the succeeding terms is 
equal to the preceding one multiplied by a certain nonzero number that 
is constant for the given sequence. It follows from this definition that 
no term of a geometric progression can be zero. 


Thus, if in the solution of a problem in which the first term 6, of | 


a geometric progression is a function of an unknown quantity we ob- 
tain for the unknown a value that makes 6, vanish, then we must— 
according to the definition that we have just given—discard this value 
of the unknown as not satisfying the condition of the problem. 

The definition of progressions is also involved in a question of the 
following kind: Js the sequence 1,1, 1,..., 1, ... an arithmetic or a geo- 
metric progression? This sequence can actually be regarded as an arith- 
metic progression (with common difference 0) or as a geometric pro- 
gression (with common ratio 1). 

Note that all the definitions and formulas in the theory of prog- 
ressions (both arithmetic and geometric) remain valid when the terms 
of the progressions are complex numbers, but in most problems in- 
volving progressions it is assumed (if not otherwise stated) that the 
terms of the progressions are real numbers. 

Let us now examine some problems that present difficulties. 

1. For what values of x do the three numbers logio 2, log1o (2*—1) and 
logy (2*-+3) taken in that order constitute an arithmetic progression? 


* There are also other “undesirable” effects which stem from the second definition 
given above. Note that all these effects have no analogues in the theory of arithmetic 
progressions. Yet it is extremely desirable for the theories of arithmetic and geomet- 
ric progressions to be analogous. 

** Aiso note that from the definition of the sum S of an infinite sequence it is 
easy to find the magnitude of the sum of the terms of the sequence (2): S=0. There- 
fore, if (2) is regarded as a geometric progression with common ratio 2, we would have 
an instance of a geometric progression having a sum but not being an infinitely dec- 
reasing progression. 


6% 


ei eee J =e Fe Sa mA SC oe UE 


84 Ch. 1 Arithmetic and algebra 


The solution of this problem requires a knowledge both of progres, 
sions and the properties of logarithms. 

Taking advantage of the definition of an arithmetic progression | 
we can reduce this problem to the equation 2log,, (2*—1)=logy) 2-K 
-+ logy (2*-+-3), which has to be solved. Let us rewrite it as (2*—])?, 
==2(2*-+3) or, denoting 2°—l=z, we have 2—2z-— 8=(, whency 
z=4, 2,=— 2. The root z, is extraneous since the inequality 2*—] > 
must hold true (the inequality 2*+3>0 is automatically valid for 
arbitrary x). The root z, leads to the equation 2*—1—4 from which, 
we find x=log, 5. 

2. Given an arithmetic progression and a geometric progression with, 
positive terms. The first terms of these progressions coincide, the secone 
terms likewise coincide. Prove that any other term of the arithmetic prog. 
ression does not exceed the corresponding term of the geometric progression, 

This problem is rather instructive for it points up an interestin 
relationship between an arithmetic and a geometric progression. 

Thus, we have two progressions, the arithmetic progression ay, Qs, 
3, ..+, Mn, ... and the geometric progression Dig cOay Dey, suey Ong’: 
with a,=b,, a,=b,. Since all the terms of the arithmetic progression 
are positive, a;>0 and the common difference d>>0. Then the equa. 


tion a,=b, shows that the common ratio q= f41> I. 
It is necessary to prove that batei ahaa n=2, 3, ..., that is 


that a,9"—a,—nd>0. This inequality can easily be obtained if we 
take advantage of the binomial theorem 


ag" —a, —nd =a, (1 +£)"—a,—nd . 
3 i] 2 
Ze, (1tnS4+cr Sy ss +o \—a—nd= C12 4 220 
Qa, 7 ay ay ay 


where the sequence of dots indicates that some positive terms are 
~ not shown. It is evident from this that the equation a,=b, is only 
possible for all values of n when d=0, that is, if all the terms of the 
arithmetic progression are equal. 
Another solution might be suggested that does not make use of the 
binomial theorem. It is this. Above, we found that the common ratio 


q> | and is connected with the common difference d by the relation 
d=a,q—<a,, and so 


aq" —0,—nd = 4,9" —a,—a,ng+an=a, (q°—1)—a,n (g—1). 


=4,(9—~1) [9 +98 +... +$qg4+1—n] D0 


because a:>0, g>=1, and the expression in square brackets is also 
honnegative since from g>1 follows 


P21, P>1,..., D1, or Qt... +g +gtlon 
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For all values of n, the equation a,b, is possible only when g=1, 
that is to say when all the terms of the geometric progression are equal. 
Before going over to problems involving geometric progressions, 
we shali take up a theoretical question. In problem solving it is rather 
often necessary to write down the condition under which given num- 
bers constitute a geometric progression. Ordinarily, the condition is 
written this way: the numbers bj, 02, bs constitute a geometric prog- 


ression if 


b,:b,= 0,35, 
7 b b 
a @ 


It is easy to see that the latter equation is not equivalent to the 
definition of a geometric progression b,=b1q, bs;=b.g. Indeed, the 
triples 2, 0, 0 and 0, 0, 0 constitute geometric progressions (in the 
former case the common ratio is 0, in the latter, it is an arbitrary 
number), but (3) is meaningless for either of them. It is therefore 
incorrect to use (3) as a criterion of a geometric progression, particu- 
larly in cases when 6, and 6, are certain functions of an unknown, since 
it is not known beforehand whether they are always nonzero or not. 

The required condition is more properly written as 636,63, which 
is meaningful for all values of by, bz, by (including the value zero), and 
not in the form of (3). This condition can be stated still more general- 
ly. As we know, the following property holds true: in a geometric. 
progression, the square of any term (except of course the first and last) 
is equal to the product of the adjacent terms. It can readily be verified 
that the converse is also true: if n numbers are arranged in some order 
and are such that the square of each one (except the first and last) is equal 
to the product of the adjacent niimbers, then these numbers constitute a 
geometric progression. Using this assertion we could straightway write 
down the condition (n — 2 equations) under which the given n numbers 
constitute a geometric progression. 

This property of geometric progressions is sometimes paraphrased 
by students as follows: any term (except the extreme terms) of a geo- 
metric progression is a geometric mean of the adjacent terms. It is 
quite evident that in this form the assertion is only valid for progres- 
sions with real positive terms. If we write it down, say, for the geo- 
metric progression 1, — 3,9, then we get the erroneous equation — 3= 


=V1-9. 


3. Prove that the three numbers sae , cos a, tan a, taken in that or- 


der, constitute a geometric progression only when a=n/3-+2nk, k= 
=0, +1, +2,.... 

Although the problem is stated as a trigonometric problem, its 
solution reduces to the study of the roots of a third-degree polynomial. 
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The given numbers constitute a geometric progression if the fol. 
lowing equation holds true: 


4 sing tana 
cos’ @ = ——-__= 


. 4) 
Thus, the indicated three numbers constitute a geometric progression 
only if satisfies equation (4), which may be rewritten as 


6 cos? a + cos?a—] =0 (5) 


Let us check to see if the given numbers do form a geometric progres. 
sion for a=-+-n/3-+-2nk. For that value of we have cosa=1/2 and 
substitution convinces us that this is a root of (5). 

The student who confines himself to this reasoning has not yet solved 
the problem. We have verified that for the indicated values of a the 
given numbers do indeed form a geometric progression. It remains to 
prove that no other values of a permit constructing a geometric prog- 
ression. Denote cosa=z and consider the polynomial 62?+-22—1, We 
already know one root z=1/2 and we can factor the polynomial:* 


623+ 22—| = (22 — 1) (82? + 224. 1) 


Since the discriminant of the resulting quadratic trinomial is negative, 
equation (5) does not have any real roots other than cosa=1/2. Con. 
sequently, (4), which is equivalent to ‘the definition of a geometric 
progression, is only satisfied for the values of « indicated in the hypo- 
thesis. 

4. Find all the complex numbers x and y such that the numbers x, 
X-+2y, 2x--y form.an arithmetic progression while the numbers (y+-1)2, 
xy+5, (<+1)? form a geometric progression. 

We now consider progressions with complex terms. 

Since the numbers x, X-+2y, 2x-+-y form an arithmetic progression, 
we have the equation (x-+-2y)—x=(2x-+y)—(x-+2y), whence x=3y, 
Since the numbers (y-+-1)?, xy-+5, (x-+1)? must form a geometric prog- 
tession, the following equation must be true: 


(xy + AY = (x-+ 1)? (y+ 1) 
Make a substitution x=8y and use the formula for the difference of 
two squares. Then we have an equation for determining y: 

(y—1) (3y? + 2y +3) =0 


which has three roots: one real and two imaginary. The condition of 
the problem is thus satisfied by three pairs of numbers: ; 


%=3, %=—142)V2i, x,=—1-2/ 9, 
—14+2 V2 1-2 V2i 
y= 1, ie. yy 2 VE 
* For example, by dividing the polynomial 62°-+-22—1 by z—1/2. Then, in the 
tesulting factorization, we can make all the coefficients integral. 
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In the first case, the arithmetic progression has the form 3, 5, 7 and 

the geometric progression, 4, 8, 16; in the second case, the arithmetic 

progression has the form 
—14+21V2, ; 


—5+10iV~2 —7+14iV 2 
= 3 3 


2 


(with common difference uly? | and the geometric progression, 


—448VYo 8—4iV2 8 
oo gee 


(with common ratio —2—iV/ 2). The progressions can be computed in 
similar fashion for the third case as well. 

5. Find a geometric progression of real numbers if it is known that 
the sum of the first four terms is equal to 15 and the sum of their squares 
is equal to 85. 

This problem does not present any difficulties as far as progressions 
are concerned, but the resulting equation merits special consideration. 

Denote the first term of the desired progression by a and ‘the com- 
mon ratio by g. Then the other three terms are aq, aq? and aq’. By 
hypothesis, we have the following system of equations: 

a(lt+q+q@+q°) = 15 
a(l+q@+q'+q°) = 85 
Squaring the first equation and dividing the result by the second equa- 
tion, we obtain an equation in q: 
(I+9+@7+¢7" _ 45 
1-+q?+qi-tge 17 

Simplifying in the ordinary way, we obtain an equation of the sixth 
degree. But let us approach it differently. Transform the left-hand 
member as follows: , 

gi—l 2 
sme eT) Be Corel loa) OPE a RO be 
1+@+qi+qe gel (—iP 1 q—-1l t+) 


g—! : 
(P+ P+g+) G+) Pree + 2g + 941 
q+ gl 


This yields the equation 


gi-+-293-+. 292+ 29-+1 _ 45 
ql “17 


which can be reduced tothe quartic (fourth-degree) equation 
14q*— 17q°—17q?*—17q 4- 14=0 (6) 


88 Ch. 1 Arithmetic and algebra 


This is a special kind of equation known as a reciprocal equation of 
the fourth degree: its coefficients equidistant from the ends are equal. 
The general form of a reciprocal equation of the fourth degree is 


Ax'+ B+C2+Bxe+A=0 


and any equation of this-kind can be solved by means of an artificial 
device. We will demonstrate how this technique works in our specific 
case* but its generality is apparent at once. 

It is clear that q=0 is not a root of (6) and so both members of this 


equation can be divided by q?; then the left-hand member can be trans- 
formed as follows: 


Mee) —m (4) tren (044) 2] a(t 


= 1\r 1\ 
—17=14 (942) 17 (q+=) 45 
Denoting q+-1/q by t, we obtain the equation 142 


—17t—45=0 whose 
roots are ¢,=5/2, tz=— 9/7. It remains to soly 


e two equations: 
1 5 1 9 


The roots of the first equation are found without an 
g.=1/2; the second equation does n 
ting in succession the values of q int 
system, we get a,=1, a,=8. 
Thus the hypothesis of the 
two geometric progressions:* * 


1, 2, 4, 8, 16, ... and 8, 4, 2,1, 4 


2 , 
Occasionally, the concept of a Progression is linked up with some 
geometric fact. The following two problems are an illustration, 


6. For which values of the common ratio can three successive terms of 
a geometric progression be the sides of a triangle? 
It is quite obvious that for a common ratio equal to unity, any three 


terms of a geometric progression (with positive first term) can be the 
sides of an equilateral triangle. 


y difficulty: g,=2 
ot have any real’ roots. Substity. 
O the first equation of the original 


problem is satisfied by the following 


; general case the coefficients B and C are distinct. 
** Tt was no accident that the equation (6) obtained in the solution of this problem 
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Suppose we are given three unequal positive numbers a, ag, aq?. 
For which values of g can these numbers be the sides of a triangle?’ 

As we know, three line segments can form a triangle if and only if 
each of them is less than the sum of the other two. Thus, to see if three 
given line segments will form a triangle, it suffices to verify that 
the largest one is less than the sum of the other two. 

Using this property we can solve the problem. Our task thus is to 
figure out for which values of qg the largest one of the three numbers 
a, ag, ag* is less than the sum of the other two. Clearly, for g>>1 the 
number aq? is the largest number, and for <1, a is. We will consider 
two cases: : 

(a) Let g>>1. Then the inequality 

aq? <aq-+-a 
must hold true. Since a is a positive number, we find that the ratio q 
must satisfy the inequality q?2—@—1<0. All the q’s in the interval 


Sel ege 


are solutions of this inequality. Noting that in the case at hand g>1, 
we obtain that g can vary in the interval 
1<g< Vt 
Thus, the three numbers a, aq, ag? can be the lengths of sides of a tri- 
angle for all values of q. : 
(b) Let O0<¢g< 1. Similarly, we can find an interval over which the 
common ratio g must vary. But we will approach this differently. 
Rewrite the progression a, aq, aq* in reverse order ag?, aq, a and de- 
note its common ratio, 1/q, by q’. Since g<1, then g'=1/g>1. We 
thus arrive at the earlier case and find that q’ must vary over the in- 
terval l<g’< aa , or 1/q lies in the interval <a < ae . From 


this we find that q in the case at hand can vary over the interval - 
yes i | 
Combining all the foregoing cases, we find that the common ratio 
q of the progression can only vary within the interval 
5— 5-1 
ele Pg ae 
7. A straight line is drawn through the centre of a square ABCD in- 
tersecting side AB at the point N so that AN : NB=1 : 2. On this line 
take an arbitrary point M lying inside the square. Prove that the dis- 
tances from M to the sides of the square AB, AD, BC, CD, taken in that 
order, form an arithmetic progression, : 
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Referring to Fig. 14, denote the distance from M to AB by x and 
to AD by y; then the distances to the sides BC and CD will be a—y 
and a—x, respectively, where a is a side of the square. 

If we draw AS||NP through point A, it is easy to see that 
tan /SAD=1/3. Now extend NP to intersection with the prolonga- 
tion of AD at point R and consider ARML. Since PD=2SD, we 


Fig. 14 


conclude, by the property of parallel lines, that RD=2AD=2a, and 


so RL=2a—(a—x)=a+x. Furthermore we have M"=tan/MRL 


LR 
whence y= ore : 


It now remains to verify that for arbitrary 0<.x<a the four num- 
bers x, are ,a— pan = at, a—x form an arithmetic progres- 
sion. This verification is performed directly on the basis of the defi- 
nition of an arithmetic progression: 


a-+Kx 2a Ate 2a—x 
ee a eg eg 


At the examination, many students made the following serious mis- 
take. It was asserted that the four numbers MQ, ML, MK, MT form 
an arithmetic progression simply because the sum of the extreme terms 
MQ-+-MT=a is equal to the sum of the middle terms, ML-L-MK=a. 
This is quite illegitimate. If four numbers form an arithmetic progres- 
sion, then the sum of the extreme numbers is equal to the sum of the 
middle numbers. However, this may be true, yet the four numbers 
need am necessarily constitute an arithmetic progression, as witness 
1, 6, 5, 10. . 

In some problems the application of familiar formulas for arithme- 
tic or geometric progressions is only possible after certain special trans- 
formations. 

8. Find the general term of the sequence 2, 4, 7, 11, ... having the 
property that the differences between successive terms constitute an arith- 
metic progression. 

_ We will indicate a technique for finding the general term of any 
sequence in-which the differences between successive terms constitute 
an arithmetic progression. 


1.7 Progressions 91 


Denote the given sequence by a1, dz, a3, ...5 then 


a,—A, =T), 
a,—-A, = Tey 
ay—a, =P, 


Ay — QU, -1 = Tn 
and, by hypothesis, the numbers r;, r2, 7s, ... form an arithmetic 
progression. Adding all these equations and collecting terms, we get 
Opn = Ay fy gb ee EP a 
In our case, the first term of the sequence is 2, and the. sum of the 
arithmetic progression (the first term 2 and common difference 1) is 


readily found to be . | 
Fyfe cee big ay = EEO (g— 1) ODOT 
And so | 
a, = 24+ SNOT?) _ pp RED 


9. Find the sum of 
14-2-243-29+4.2345-24+ ...-+ 100-2 


The proposed sum is not the sum of a geometric progression. Howe- 


ver, with a little ingenuity the solution is easily found on the basis of 


familiar formulas. Namely, write the proposed sum, call it S, as 
SH=1424 224234... +2984 299 
-J4-98 199-4... 1-201. Oo 


>) © © © © eo 8 ee ee 


-- 298 ++ 299 
-+- 29° 
It is apparent that.each of these lines is a sum of some geometric prog- 
ression. Applying the appropriate formula, we get 


_ 1(21001)  9(299— 1), 22(2°8—1) , 23(297—1) 298 (22 1) 
Pep a oe oe ee 


4 MOAN (g100— 1)-+ (2° —2) 
+ (2100 22) + (210° — 23) + haha -+ (2100. 298) + (2100 299) 
= 100-220°— (1-4-2224... -+29%) 


= 100-9012") _ 99.9100 + 1 


10. Find the coefficient of x" in the expansion of (1-+-x-+-2x*-++3x84- 
Fosse nx”), 
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Let us first try to figure out how terms in x” can appear in the ex- 
pansion. By the formula of the square of a polynomial, the desired 
expansion will contain, firstly, the squares of all the terms of the given 
sum and, secondly, all the doubled paired products of these terms. ‘It 
. is readily seen that if n is odd, then the terms in x” in the expansion 
can only appear in the doubled products; but if n is even, the terms 
in x” in the expansion will also stem from certain doubled products, 
but besides the same kind of term will result from squaring the term 
ny 
9% , 

It is natural, therefore, when solving this problem, to consider two 
separate cases: n even and n odd. 

We first consider the case when n is an even number. Then the pro- 
posed sum has n-+-1 terms, which is an odd number, and the given 
expression may be written as follows (isolating the “middle” 
term): 


‘ poe | nbs 

[itepae. ce (S—t)x +5 x 
th 2 
+($41) 2° Beck(n— 1) nat 


Obviously, from among the squares of the terms of our sum, only the 

_ Square of the “middle” term will yield a term in x”; and only the doub- 
led products of terms equidistant from the ends will yield the desired 
power. Thus, the desired coefficient is 


S=($)$2Lem$2:1-(n—1) $2-2.(n—2) 4 ae 
+2 ($-1) (F+1)= (F)°+20-4+2-1-n 
+2-2-n+2-3-n+ 42 (3-1) n 


2-1-1 —2-2-2—2.3.3—...—2 (41) ($-2) 


oe n 
= 42n+42n [! oS) So eee (F—1)] 
~2 [1422-434 “ets ($—-1)'] 
The sum in the first square bracket is computed as the sum’of an arith- 
metic progression, the sum in the second square bracket is determined 
from the formula for the sum of the squares of integers: 


5 ee _ k(k+-1) (2k-+1) 
12-42 te pio 
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This formula is very useful and it is well to be able to prove it. A sim- 
ple computation shows that for even n the coefficient of x” is 


__na(n+1l) 
ear Gana 


Now let n be odd. The proposed sum has n-+-1 terms, which is an 
even number, and the given expression has two “middle” terms 


ned ney 
iterate. dtghe aafhat +... a 
e ++ (n—1) x?" ++ nx"]? 
It is easy to see that the terms in x” can now only appear from doubled 
products of the terms equidistant irom the ends. Consequently, the 
desired coefficient is : 


S=2-1-n4+2-1-(n—1)4+2-2-(n—2)+... 


+2-2-n+2-3-n+...42- zt 
—Q-]-1—2-2-2—2-3-3—...—- 2+ G+ 


n—-] 


=2n+2n [1+24+3+...+ . 
—2fiepoesty... + (4+) |] =e 


It thus appears that the final formula does not depend on whether 
the number n is even or odd. 

Many problems involving the setting up of equations are connected 
with progressions, but most of them do not use anything more than 
the definitions of progressions. We will consider here a so-called mix- 
ture problem. Problems of this nature in which a geometric progres- 
sion is implicit occur quite frequently and cause trouble. 

11. A total of a litres of pure acid were drawn from a tank containing 
729 litres of pure acid and were replaced by water. The result was thor- 
oughly mixed to obtain a homogeneous solution and then another a litres 
of solution were drawn off, and again replaced by water, and again thor- 
oughly mixed. This procedure was performed six times and the tank then 
contained 64 litres of pure acid. Determine a. 

The first time that a litres of pure acid were drawn off and replaced 
. by water left the tank with 729 —a litres of pure acid. It is also clear 


now that one litre of solution contains x litre of pure acid. 


F 29-—-a ,. ; 
During the second procedure, a+! oa “litres of pure acid were 
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drawn off, and the tank then contained only 
729 — 729— a)? ,. 
729—a—a- = = litres 


of acid. Thus, after the second replacement with water there will be 


aa : —a)*,. big cs a : 
OOS 129= Secdent litre of acid in one litre of solution. And so the 
- third reduction in acid amounts to qa 9) litres, with 
(729 —a)? ere (729—a)*__ (729—a)8 
729 7292 7992 


litres of acid remaining in the tank. 
It is easy to see that the amount of acid in the tank after the sixth 
operation should be 
(729—a)® 


7995 — litres 


True, this conjecture does not take the place of a proof. To obtain 
complete rigour, we would have to repeat this procedure six times and 
make sure that there is precisely that amount of pure acid left in the 
tank.* The equation 
(729—a)e 
7295 


64 


if we note that 2°=64 and 3°=729, yields a=243 immediately. Thus, 
243 litres of liquid were drawn off in each operation. 

In conclusion, a few words about infinitely decreasing geometric 
progressions. The important thing here is to realize the fundamental 
difference between the question of defining the concept of thesum of 
such a progression and the question of computing this sum. 

If we have a certain finite sequence of numbers, then the sum Uy-} 
“Fustust ... +n of these numbers has a very definite meaning in 
accordance with the concepts of arithmetic. We have to find the num- 
ber S.=uy-+u2, then add the third given number to obtain S;~S,+.- 


* It is also easy to prove that the amounts of acid in the tank after each drawing-off 


’ operation are 

(729 — a)? (729—a)s 
729 » 7292 2 e¢e 
. and constitute a geometric progression with common ratio 


729—a, 


729 —a a 


729 | 795+ In- 
deed, if after the nth operation there remained &,, litres of pure acid in the tank, then 


there will be 795 litre of acid in one litre of solution and thus, as a result of the (n-+ 1)th 


operation the amount of acid will be reduced by mt litres and will be equal to 


hn t1=hy— 8 hy (1~ 735) litres, 
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+-u3=t1-+u2-}+us, then add the fourth given number to obtain Sy= 
=§,-+u,, and so on until all the given numbers have been exhausted. 
Now when there are infinitely many numbers, this definition of a 
sum is no longer applicable because we can never exhaust all the num- 
- bers, and so, for the time being, the notation wy-+-u.--us+ ... Unt 
--.,. is devoid of any meaning, for we do not know how to add an 
infinity of numbers. 
In this case we do as follows. We compute so-called partial sums, 
which are sums containing a finite number of summands: 
S, = Uy, 
Sy Uy + Uy, : 
Sy = Uy + Uy + Ug; 


ee 


They may be computed in the ordinary way for any value of k. Then 
the sequence of numbers 


GP 8o rf Bie tas 


either has a limit or -it does not. If the sequence of partial sums does 
not have a limit as R—-> oo, the sum of numbers Wy, Us, Ug, «6. Un, oe 
is not defined. Jf such a limit exists, then, by definition, it is called the 
sum of the given numbers. If that limit is equal to S: 

lim S, = S 


kao 


then we write 
U,fuatugt... +u,t...=8 


Thus, the sum of an infinite set of numbers is quite a new concept 
that differs essentially from the notion of a sum as given in arithmetic. 
If we now consider the infinitely decreasing geometric progression * 


6; 86; 4) 6s ODS, cy 1G 
then, as the textbooks demonstrate, the sequence of partial sums in 
this case does indeed have a limit, and it is equal to S= = . Thus, 


an infinitely decreasing geometric progression has a sum, and this sum 
7 a 
is S= ia 

* A geometric progression with an infinite number of terms and with common 
ratio less than unity in absolute value is for short termed an infinitely decreasing 
progression. However this name is not quite exact: an infinitely decreasing progres- 
sion may not be decreasing, and may be truly decreasing only if its first term is po- 
sitive and the common ratio satisfies the inequality 0<q< 1. For instance, the in- 
finitely decreasing geometric progression 1, —1/2, 1/4, —1/8, ... is not a decreas- 
ing progression by generally accepted terminology. 
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The important thing to bear in mind is that one must be convinced 
of the existence of a sum of an infinite sequence of numbers before 
attempting to compute that sum. This is vividly illustrated in the fol- 
lowing example. Let us attempt to find the sum of the following inf- 
nite geometric progression: 2, 4, 8, 16,..., 2", ... . If we fail to pose 
the question of the existence of a sum and denote it directly by $ 


ee a ee ee 
then, multiplying both members of this equation by 2, we get 
44-8-4-.., +27 +279714.,,, = 9S 


whence 2+-2S=S and, hence S=-—2. This strange result—the sum 
of an infinity of positive numbers is negative—is not difficult to ex- 
plain: the original sequence does not have any sum and so our compu- 
tations are meaningless. Indeed, the sequence of partial sums - 


S,=2, S,=2+4=6, S,=24448=14, 
Sp=Qht1— 2... 


as k->oo has no limit. 

12. Find an infinitely decreasing geometric progression having the 
property that its sum ts twice the sum of the first k terms. 

This problem is interesting in that we do not arrive at an unambi- 
guous answer, which is a situation that occasionally arises in solving 
problems involving progressions. 

Denote the first term of the progression by a and the common ratio 
by g; then, by hypothesis, we can write 


a - 2a(1—g*) 


Tq i—9 
where & is the number given in the problem. From this we have 


ears 


[=2(1—g4), gt=t 


If & is edt: then the equation has a unique root (we confine ourselves 
to progressions with real terms) 


q=V/ 12 


which in this case is the common ratio of the progression; but if & is 
even, then we have tio roots: 


qa 1/2 
and both roots can be ratios of the desired progression. Thus, for & 
even, the common ratio of a progression is not defined uniquely. 

The first term of the progression cannot be found since we lack the 
conditions. This means that any infinitely decreasing geometric pro- 
gression with one of the indicated values of the common ratio and 
with an arbitrary first term has the property stated in this problem. 
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Exercises 
1. The first tern of a geometric progression is equal to x — 2, the third term is 
x--6, and the arithmetic mean of the first and third terms stands in the ratio to the 
second term as 5:3. Deterialne x: ; 
| l : : 
2. Let Fe hee and ae be three successive terms of an arithmetic progres- 
sion. Prove that in that case 5%, a* and c* are also successive terms of an arithmetic 


progression. : 
3. Three nonzero real numbers form an arithmetic progression and the squares 
of these numbers taken in the same order constitute a geometric progression. Find all 


possible common ratios of the geometric progression. 
4. The sides of right triangle form a geometric progression. Find the tangents 


of the ae ae seth ts of tt t ogee 

5. Let x, and x, be the roots of the equation x*—3x-+A=0 and let x. 
be the roots of the equation x? —12x-+4-B=0. It is known that the numbers hile 
x, (in that order) form an increasing geometric progression. Find A and B. , 

6. Along a road lie an odd number of stones spaced at intervals of 10 metres, 
These stones have to be assembled around the middle stone. A person can carry only 
one stone at a time. A man started the job with one of the end stones by carrying 
them in succession. In carrying all the stones, the man covered a total of 3 km. How 
many stones were there? : 

7, Three brothers whose ages form a geometric progression divide a certain sum 
of money in proportion to their ages. If they do that three years later, when the youn- 
gest is half the age of ‘the oldest, then he will receive 105 roubles, and the middle 
brother will get 15 roubles more than he gets now. Give the ages of the brothers, 

8. Let b,, 62, 63 be three successive terms of a ‘geometric progression with com- 
mon ratio g. Find all the values of g for which the inequality b> 4b, — 35, holds 


ue. 

9, All the harvesting combines on a certain farm can take in the harvest in 
24 hours. However, according to the work plan, only one combine was in operation 
during the first hour, two during the second hour, three during the third hour, and 
so on, until all combines were in operation. All machines worked together for only a 
few hours before the harvest was completely taken in. The operating time provided — 
by the plan would have been cut by 6 hours if all combines (except five) had started 
work from the very beginning. How many harvesting combines were there on the 


farm? 

10. A tank was filled with petrol during the course of an integral number of 
hours, and the ratio of the amount added each succeeding hour to the amount added 
in the preceding hour was a constant. An hour before completion of the job there 
were 372 litres in the tank, If from a full tank we draw off the amount of petrol that 
was as in during the first hour, there will be 186 litres left; then if that quantity 
which was added during the second, last and second to the last hours together is 
drawn off, then the tank will have 72 litres. How much petrol was added to the tank 
- during the first hour? 

11. To a vessel containing pure water are added 6 litres of a solution containing 
64% (by volume) alcohol. The solution is thoroughly mixed and an equal quantity 
(6 litres) of the solution is drawn off. How much water was there originally in the 
vessel if after performing this operation three times the vessel contained a solution 
with a 37% (by volume) concentration of alcohol? 

12. It is given that the numbers 3, 3 log, x, 3 log, y, 7 log , z form an arithmetic 
progression. Prove that xl8=y?==278, 

13. Solve the system of equations 

2x4 = ys + zt 
xkyz= 


knowing that the logarithms logy x, log, y, log, 2 form a geometric progression. 


7 3480 
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14. For an arithmetic progression ay, dp, 


-++y Gp, ... the equation s,,/s,=m?/n2 
(sz is the sum of the first & terms of the progression) ho 


Ids true. Prove that 
an 2n—1 ; 
Gd, 2n—l 


15. Let the numbers a,, a, 


+++, & Constitute a geometric progression. Knowing 
the sums 


| | 1 
S==0,-+a,+...+4a, and Page ge bey ae 


find the product P=a,a. 


14 +++ Qy. : 
16. For which values of x do the numbers 2x, x4, 24 taken in that order form an 
arithmetic progression? 


17. For which values of x do the numbers 1, x?, 6—x? taken in that order form a 
geometric progression? 


1.8 Proving inequalities 


It is quite common, at examinations, for the student to be asked to 
solve certain numerical or literal inequalities. This section is devoted 
to an analysis of proofs of literal and numerical inequalities. It would 
be nice of course if there were some unified method’ for proving all 
inequalities. Unfortunately, no such method exists. But we will give 
below a number of techniques that are of use in proving a rather large 
number of inequalities. 

First we take up some inequalities that are frequently used in prob- 
lem solving, such as the inequality between an arithmetic mean and 
a geometric mean, a consequence of this inequality concerning the 


sum of reciprocal quantities, and also the following trigonometric 
inequality: 


—Ve+P <asinx+bcosx<V a+b (1) 


The relation between, an-arithmetic mean and a geometric mean of 
two numbers reads: 
For any two nonnegative numbers a and 6 the inequality 


Vab< +18 (2) 


holds true; equality occurs only when a=b. 
A special case of (2) is the inequality 


x+— D2 


which is valid for all x>0. In this inequality, the equals sign holds 
for x=1 only. It is useful to remember the verbal statement of this 
inequality. 

The sum of two positive reciprocals does not exceed two, and is equal 
fo two only when both numbers are equal to unity. 
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Also note that for any x30 the inequality 


1 
jxt+y|22 
or 
1-4? 
| 2x 2 | (3) 
holds true. 


1. Prove the inequality om 7% + ie 2 ae: 


By the properties of logarithms, I/log, 2=log,>>0, which means 
that the left member of our inequality is the sum of two positive re- 
ciprocals different from unity (log, 1). Such a sum is greater than 
two. Hence, the original inequality holds true. 

2. Prove that if a0, b>0, c>0, then 


6 b 
~4E+SDpatote 


We take advantage of the following inequalities: 


1 {be ac 1 fac, ab 1 /be , ab 
3 (E+) 2% r(F+3) 2 3 (Z+9) > 
(these inequalities are valid because the left members are arithmetic 
means and the right members are geometric means of positive num- 
bers). Combining them term by term, we get the inequality that we 
wish to prove. 
3. Prove that if a>0, b>0, c>0, then 


| (a+ 6) (b-+6) (ate) > Babe 
Taking the following inequalities [see formula (2)] 
a-b>2Vab, b+ce>2V be, a+c>2Vac 


and multiplying them termwise, we get the desired inequality. 
This inequality may be proved in a different manner by using the 
inequality between the arithmetic mean and the geometric mean for 
8 positive numbers [see. formula (5)]. Indeed, removing brackets in 
the left member of our inequality, we find that it can be rewritten as 
follows: 
a+ Hep eb-+ae Parca ban tee >abe 


On the left side we have the arithmetic mean of 8 positive numbers; 
on the right, as can readily be verified, we have their geometric mean, 
which completes the proof of the original inequality. 

Before going on to the next problem, let us dwell on a typical mis- 
take that is rather often made in proving inequalities. It is this. The 


Te 
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student writes the inequality to be proved, then performs certain 
(quite legitimate!) manipulations and finally arrives at an obviously 
valid inequality (say 1<<2 or (a— b)*>0), and then concludes: “hen- 
ce, the inequality is proved.” This is a crude logical error: from the 
fact that a true inequality has been obtained, we can by no means 
conclude that the original inequality was true! To be more exact, we 
proved the following: if one assumes that the proposed inequality is 
true, then the inequality obtained via a chainof transformations is 
also true. But it is obvious that the final inequality is true as it stands; 
and we continue to know nothing about the inequality which we set 
out to prove. 

It is logically correct to reason in the reverse order. It is necessary 
to take some obviously valid inequality and perform manipulations 
(which of course must be legitimate from the viewpoint of algebra and 
trigonometry) that will bring us to the inequality to be proved. This 
is justified reasoning: we started with a valid inequality and via a 
chain of legitimate transformations arrived at the new inequality, 
which, hence, must also be valid. 

Of course there remains the most important question. From what 
inequality are we to proceed so as to transform it into the required 
inequality? To answer this question we can perform the transforma- 
tion of the proposed inequality that leads us to an obviously valid 
inequality. However, this stage in the solution of the problem must 
be regarded as an exploratory search for the proof, as an attempt to 
get the proper approach, but not as proof in itself. If as a result of 
this exploration (manipulations) we have obtained an obviously true 
inequality, then we can begin the proof proper: take this obviously 
correct inequality and manipulate it as we did in the exploratory 
search, but in reverse order; inverse the manipulations, so to say. If 
this “work backward procedure” is everywhere legitimate, then the 
inequality being proved is indeed valid. 

Incidentally, a somewhat different procedure is often followed. 
If, in the process of exploring the proof via a reduction of our inequality 
to an obvious inequality, we always replaced the given inequality 
by an equivalent one (see Séc. 1.10), then the last inequality will be 
equivalent to the original one, and therefore its validity implies the 
validity of the original inequality. Hence, if at each stage in the trans- 
formation we specifically verified and stressed the equivalence of the 
inequalities, then the “work backward procedure” is not neces- 
sary. 

We shall follow this reasoning in carrying out the proof of the fol- 
lowing inequalities. 

4. Prove the inequality 


3 3 
ot > (+) where a>0, 6>0 
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ets. b \3 
Pee) ae 


Removing brackets and regrouping, we can write it in the equivalent 
form 


+ (a+) (a—br >0 


Since a>0 and b>>0, this inequality is obvious and, thus, the vali- 
dity of the equivalent original inequality is proved. 
5. Prove that if a>0, b>0, then for any x and y the following in- 


equality holds true: 
a2 Lb VEILS V FEV FIVEPE FI 


By hypothesis, both sides of this inequality are positive and so it 
is equivalent (see Sec. 1.10) to the following: 


(a2 40-8 +1 < (+941) C441) 


or to 
q?.4* + &.97+ 1 + Qab 2*3Y ++ 2a2* +. 263” 
<4 a+ 40444904 9H + +0+h+1 


Transposing all terms of this inequality to the right side, and then. 
collecting like terms and regrouping, we can write it in the equivalent 


form 
(a?9” — 2ab2*3Y + 4*b2) + (4* —2a2* +a") + (9” 2.3” + 6) > 0 


Since each parenthesis is a perfect square, the original inequality is 
equivalent to the following obvious inequality: 


(a3 —b2*)? + (2*—a)* + (3% —bY BO 


Hence the original inequality is true. 
Note that this inequality is also true for any real values of a and 6 


(the proof of this fact is left to the reader). 
6. Prove that the inequality 


V 3sinx 
—l<aqpusr S! 


is valid for arbitrary x. 

This inequality (see Sec. 1.4) is equivalent to the Inequality iV 3x 
x sin x)/(2+cos.x)| <1. Since both members ofthis inequality are non- 
negative, then after squaring and multiplying by the positive expres- 
sion (2--cosx)?, we get an equivalent inequality: 3sin'x< (2-+c08.x)?. 
Replacing sin?x by 1—cos*’x and grouping, we finally get (2cosx + 
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-+1)?>0. This inequality holds true for all x, and since it is equiva- 
lent to the original one, the original inequality is also true, which is 
what we set out to prove. : 
__ The original inequality may be proved differently by making use of 
inequality (1). Indeed, since 2 + cosx=>0 for all x, then, after multip- 
lying by 2+cosx, we get the following double inequality which is 
equivalent to the original one: 


—2—cosx CV 3sinx <2+cosx 
The inequality on the left may be written as 
—2<V3sinx+1-cosx 


It is now evident that this is a special case of inequality (1), which 
is a true inequality. The validity of the inequality on the right is 
proved similarly. 

7. Prove that for arbitrary a the inequality 4 sin3a+5 > 4cos2a-+ 
+-5sina is valid. 

One of the most crude errors made in proving this inequality is the 
“proof” by substitution of specific values. 

At an examination, a number of students reasoned something like 
this: “Fora=0° the inequality holds because 5>>4, for a=30° the 
inequality is true because4+5 >4. + +5. + , for a=45°, 60°, 90° it 
is also obviously true, which means it holds true for all values of a.” 

Actually, of course, these students proved the inequality only for 
several separate values of @ and offered no proof whatsoever for the 
' remaining values of a. A correct proof is as follows. 

We know that sin3e—3sina—4 sin’, cos2a=1—2sin’a, and so 
the original inequality may be rewritten as 


4(3sina—4 sin? a)+5 > 4 (1~—2sin?a)-+5 sine 
or . 
16 sin? a —8 sin?& —7 sina—1<0 
The latter inequality should be valid for all values of a. Denoting 
sing by x, we rewrite it as 
16x —8x?—7x—1 <0 


We now have to prove that this inequality is valid for arbitrary 
values of x in the interval —l<x<l. 


Let us apply the grouping method illustrated earlier. The latter 
inequality can then be rewritten as 


8x? (x— 1) +- 7x (x?—1)+(2—1) <0 


or (*—1)(4x+1)?<0. This inequality is clearly valid, and so the 
otiginal inequality is proved. 
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The proof of certain inequalities requires skill in utilizing the pro- 
perties of functions that enter into the inequalities. 

8. Prove that the inequality 

: cos (cos x) > 0 
is true for all x. 

For all x we have —1<cosx<l. Put a=cosx toget-—I<a<l. 
Since — 1/2<—1 and 1<n/2, it follows all the more so that a sa- 
tisfies the condition — x/2 <a-<1/2. The properties of the function 
y=cosx imply that cosa is positive for all these values of a, which 
actually is what we set out to prove. 

9. Prove the inequality cos(sin x) > sin (cos x). 

It can be rewritten as 


cos (sin x) —cos (F—cos x) >0°. 

or 
9 sin Caer *\ ai (4S) >0 

We will show that the factors in the left-hand member are positive. 


Since - _ 
|sinx—cos x|=|V2 sin(x—n/4)|<V2 < 0/2 


it follows that 


1 sinx— cos X Ff 
gs 2 <7 


and therefore 
sin x— cos x a 
< 


1 
0<74 2 2 
Consequently 


sin (4+) > 0 


for all x. A similar proof is given that 


: nm  sinx-+cosx 
sin 4) >0 

A decisive factor in the examples which follow is the use of proper- 
ties of the exponential function y=a*: if a>1, a larger value. of 
the argument is associated with a larger value of the function and, hence, 
a greater value of the function is associated with a greater value of the 
argument, if a<l, toa greater value of the argument corresponds a 
smaller value of the function and, hence, toa larger value of the function 
corresponds a smaller value of the argument. 

10. Prove that for positive numbers c and d and arbitrary «>0, the 
inequalities c<d and ct<d* are equivalent. ; 
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Let c and d be positive numbers and «>0. Consider the function 
y=(cld)*. 

Ife<d, then 0<c/d<1. By the property of an exponential func- 
tion with base less than unity, we have 


whence follows c#/d*<1, or c?<d. 
Conversely, if c><d, then cld* <1, or 


c\a c \o 
(z)"< (2) 
This means that the larger value of the argument (@>0) of our func- 
tion is associated with a smaller value of the function. But this is 
true only when the base is less than unity, that is, c/d<1, whence 
c<d, 

‘The statement we have just proved is ordinarily formulated as 
follows: an inequality between positive numbers may be raised to 
any positive power; in particular, a root of any degree may be extrac- 
ted. 


Il. Prove the inequality 
(a% +b) < (qh 4. 68 )x/ 
for a>0, 60, a>B>0. 
f a=0 or 6=0, then the Proposition is obvious. Now let 


a>0 and 6>0. It is clear that one of these numbers does not 


exceed the other. Suppose, say, 0 <aqb. Then 0<a/b<1, and 
since a > B, it follows that 


0 < (a/b)" < (a/b)? and 1 + (a/b)* << 14+ (a/by? 
From the latter inéquality we get (see Example 10) 
Ta)" ]8 < [1+ (ape yur 
Furthermore, since 
1+ (a/b)*>1 and 0< lac 1/p 
“it follows that 
[1 + (a/b)*]/% < [1+ (a/b) ] 8 
Now we can write ; 
| [1+ (ab) 1! < [1 + (a/b)= JV < [1 + (a/b) V8 
whence 


at-+b8\ 1/4. /ab4.63\ 1/8 
( b* ) <( 08 ) 
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Since b> 0, the inequality being proved follows from the last 
inequality, 

12. Prove the inequality 0<sin* x--cos4 x< 1. 

It is quite obvious that sin’ x-+-cos' x0. But the equality sin’ x-+ 
+cos“x=0 is valid only if we simultaneously have sin’ x=0 
and cos!*x=-0, which, of course, is impossible. Therefore, the strict 
inequality sin*x-+cosx>0 holds true. 

The properties of trigonometric functions imply that sin?x<1 and 
cos?xx<1 for arbitrary real x. But since 8>2 and 14>2, it follows 
therefrom that - . 

sin’ x <sin?x and cos! x < cos? x 
Combining these inequalities termwise and noting that sin’x+-cos*x= 
=1, we obtain 
sin? x-+-cost4x< | 

It is obvious here that, say, for x=o/2 we have equality; in other 
words, the weak inequality cannot be replaced by the strict inequali- 
ty sin? x-+-cos4x<1. 

One of the techniques used in proving inequalities consists in the 
following. For instance, let it be required to prove the inequality 
- A<B, where A and B are certain expressions. If we succeed in 
finding an expression C such that A<C and at the same time C<B, 
then the required inequality A< B will have thus been proved. 

13. Prove that for every positive integer n the following inequality 
holds true: aed 

1 
atgte + (Qn 1)? ery 
Noting that , 
2 1 1 
(2k-- 1) < Qk” Qk-F2 
we replace the sum in the left member of the inequality to be 
proved by the greater expression 


1643 1 
pte ts beapip 
if/il 1 1 ot 1 1 
<4[($-4)+(a-0) + “ae + (am) 
However, this latter expression is equal to 
1fi 1 ]_1 ] 
[s—naa “4 4n--4 
and, obviously, is less than 1/4. Hence, the sum 
rae! I 
gtet::: + Ga fip 


is all the more so less than 1/4. 
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14. Prove that for any positive integer n> 1 the inequality 
1 1 l —— 
bts tog t ec +e >2Vnti—l) 
holds true. 


To prove this, reduce each term of the sum in the left-hand 
member: 


1. 2 He re rr 
VF° VeryE 2 Vet 1—Vk) 
Therefore, the left side of the inequality we want to prove can be re- 
duced: 
l l i > a 
1 tye t yet tee +e > 2V2—V1) 
+2V3—V2)+...4+2Vn—Va=1)+2Va+1—Va) 

Since the right side of this latter inequality is exactly equal to2Vn+-1— 
—2, the original inequality is valid. 

In the next example, an apt combining of factors leads us to the 
result we need. 

15. Prove that nh< (=) , where n is an integer exceeding unity. 


The validity of this inequality will follow from the validity of 
the equivalent inequality’ : 


(nye < (SE 


Let us multiply the number nl=1-2...2... (n—1) by the number 
rs aa, ... (1—k+1)... 2-1, arranging them one above the 
other: 


| ae fer k wo. (n—I)n 
n(n—1) ... (n—k+1)... 2 1 
Multiplying the numbers in each column, we get 
(1-1) [2(n—1)]... [Rk (n—k+-1)]... [(2—1)-2] (n- 1) 
In order to obtain (n!)? we have to multiply the terms of this row. 
Applying inequality (2) to each term of this row, we get 
Viki) <e oeel ON Vat ree 


equality being achieved only when k=n—k--1, that is to say, for 
k=(n+1)/2. In other words, only for n odd; and only then for one 
term of our row in this inequality is equality possible. Hence, for 
all brackets except possibly one, the inequalities 


| [k(n—k+1)] < (Hy 
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hold true. Since there are n terms in the row, we get 
n+1\2]" 
(aly <[(24*)"] 
A sufficiently large number of inequalities can be proved by the 


method of mathematical induction. 
16. Prove that for any real number a>>—1 and any positive integer 


n the inequality 


(l+a)? >l+na (4) 
holds true. 


The inequality is clearly true for n=1. Suppose that the inequality 
(1-+-a)* >> 1-+ka holds true; we will prove that in that case the ine- 
quality (I-+a)*+t>1+(k+INa is valid. Indeed: (1-+a)*+?=(1+ 
4-a)(1--a) > (I-+Re)(1-+a)=1- e+ latkotSl+(e+l)a, This 
means that the original inequality holds true. 

17. Prove that the inequality |sinnx|<n |sinx| is valid for any po- 
sitive integer Nn. 

For n=1 the inequality is obviously true. Assuming that |sinkx|< 
<k-|sinx], we will prove that |sin (k+1) x] <(e+1)- |sinx|. In- 
deed, taking advantage of the inequality |cos kx| <1, we have 

[sin (& + 1) x|=|sin kx-cos x-++ sin x-cos kx| 
<|sinkx|-|cos x|-+-|sin x]-| cos &x| 
<|sinkx|+|sinx|<A|sinx]+|sinx| 
=(k-+1)-|sinx| 

Hence, the original inequality is true. 

18. Prove the following theorem: if the product of n>=2 positive num- 
bers is equal to 1, then the sum of the numbers is greater than or equal to 
n, that is, if 
XyXq.. Ml, %,>0, %,>0, ..., %, > 0, then 

Xy Xa tees +X, en 

If n==2 we have to prove the statement: ifxyxg==l, then x,-+4%,22. 
But this is obvious sincé the arithmetic mean (xy+-%,)/2 of two posi- 
tive numbers is greater than or equal to the geometric mean Vmx.=1, 
or x,--x,>2 2. Besides, equality (that is, X,+4%,=2) is attained only . 
when xj=x,=1. 

Using induction, we take any positive numbers x1, ..+5 ns *n+t 
which satisfy the condition x, ... ¥a -1XnXn41= 1. If each of these num- 
bers equals 1, then the sum Kibo ee bey tXp 41 =k+1 so that in this 


case the original inequality is valid. 
If this is not so, there will be a number among them less than 1 and 


a number greater than 1. Suppose that x, > 1, Xn41<C1. We have the 
_ equality 
yee Xpand eX p41) = l 

This is a product of & numbers and so the induction hypothesis is ap- 
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plicable and we can assert that 
Biiethan Ky ee AX pip bX eR 


Xytiee bX path Xp Xp a RX tpt Xp ay 


= R14 (Xg—1) (L—Xp41) > R41 
since x,—1>>0 and 1—x,41:>>0 which completes the proof. 

Note that we also established the fact that equality in the relation - 
at hand is only possible if all x;==1; now if not all x; are equal to uni- 
ty, then the strict-inequality sign holds true in this relation. 

From this theorem follows the generalized inequality between the 
arithmetic mean and the geometric mean for n>=2 positive numbers: 


Stetina 5 x... .%, 


02 thy My Uy Sd aage My ew (5) 
Indeed, denote jx; ....%, by ¢ and x,/c by y;. Then y; ... Yn= 
=(X1...%n)/e"=1. By what has been proved, yi-++ ... -- yp, =n, when- 


ce (tit ... +2n)/n2>c, and this completes the proof. 

This inequality is widely used in the proof of other inequalities. 
For example, if we apply it to the numbers 1,2,..., a, then we imme- 
diately get the inequality ; 


SG ed Gee ee 
Vl 20.60 Cen 


or /nl<(n+1)/2, whence nl<I(n-+1)/2]", We proved this inequa- 
lity is Problem 15 via a special technique. This new proof is clearly 
simpler. 

The foregoing examples. show that the method of mathematical 
induction can successfully be applied in the proof of a variety of in- 
equalities. At the same time, one should not overestimate the power 
of the induction method: there are many problems that would seem 
particularly suited to this method, whereas attempts to employ it 
encounter insuperable difficulties. 

To illustrate, let us try to use induction on the inequality 

re 1 1 

gtgt... + Gipip ar 3 
For n=1 it has the form 1/9<1/4, which is true. Suppose that this 
inequality is valid for n=e: 


1 1 1 1 
go bagt..: Toph <7 
For n=k-+-1, the left side is 
js a BA” retake A 1 1 
stat. tapes lotyt-. tomy] terre 

By the induction hypothesis, the sum in the square brackets is less 
than 1/4 and therefore 

; 1 


1 Nl 1 i 
9 t - top < atop 
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Quite obviously this inequality does not in the least imply that the 
left-hand member is less than 1/4. Thus, proof by induction has come 
to an impasse, whereas the inequality is very simply proved by an 
entirely different method. This is done in Problem 13. 

In conclusion we offer two inequalities in the proof of which the 
techniques suggested above and certain others are used; these inequa- 
lities can be solved by several methods involving algebra, trigonometry 
and even geometry. | aie 

19. Prove that if x*+y°=1, then —V2<xty< V2. 

Algebraic solution. Let us write the obvious inequality (x—y)?>0. 
or x?-|-y? > 2xy, whence 2(x?-+y?) >x*-+2xy+-y". Insofar as x?-+-y’=1, 
from the latter inequality we have (x-+-y)?<2, whence (see formula 
(3), Sec. 1.4) |xty|<V2 or —V2<x4+y<V2.. 

Trigonometric solution. If x and y satisfy the condition °+y’=1, 
then we can find an angle a such that x=cosa, y=sina. Then we have 


to prove that for any value of « 
—V<cosa+sina<V2 
Since cosa-+-sina=V 2sin(a-+n/4) and —Il<sin(a#+n/4)<1, it 


follows that —-V2<V 2sin(a+n/4)< V2 for all values of a, which 
completes the proof of the required inequality. 


Fig. 18 


Geometric solution. We will consider x and y as coordinates of points 
in a plane in a given system of coordinates. Then the condition x?+- 
--y?=1 is satisfied by the points (x, y) lying on a circle of radius 1 
centred at the origin (Fig. 15). The points which satisfy the inequality 
x+y<V2 lie on the straight line y=//2—x and below that line 


(cf. Problem 27, Sec. 1.13). 
Let B be the point of intersection of this straight line with the axis — 


of abscissas and OA. a perpendicular dropped on this line from the 
origin. Then OB=/'2, “ABO=45° and theréfore OA=1. Hence, the 
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point A lies on the circle and the straight line y=//2 —x is perpendi- 
cular to the radius OA at its endpoint, which is to say it is tangent 
to the circle. ” . 

Similarly, the inequality —-V2<x-+-y is satisfied by points lying 
on the straight line y=— V2 —x and above it; this line is also tangent 
to the circle x*-+-y’=1. 

Thus, the double inequality to be proved is satisfied by points lying 
in the strip between the straight lines y=//2— x and y=— V9 — x 
(these lines included). But the circle x*+-y?=1 lies entirely inside this 
strip and so the coordinates of any point of it satisfy the inequality 
—V2<x+y<V 2. The proof is complete. 

20. Let a-+b=2, where a and 6 are real numbers. Prove that a‘-\- 
+0'>2. 

Note that if one of the numbers, a or 5, is negative, the inequality 
is almost obvious. Suppose, say, 0<<0. Then a>>2 and the inequality 
a‘+-b' > 2 is true, since b4*>0 and at>16. We will therefore assume 
that a0 and b>0. 

First solution. Since a-+-b=2, then (a+-b)?=4. Using the inequalit 
between the arithmetic mean and the geometric mean, ab< (a®-+-b?)/2, 
we have 4=(a-+-b)?=a?+-b?+-2ab< 2 (a?-+-b2), or 2<a?-+b?. Squaring 
this inequality (this is legitimate since the numbers on the right and 
left are positive), we get 

4<(a*-+-6%) 

-On the basis of the inequality between the arithmetic mean and 
the geometric mean, a?b?<(a'-+-b‘)/2. Therefore we have 4 (a+ 
+0*)?=a'+-b!+-2a°b? < 2 (a*+-b*) whence 2<a'‘+-b', and the proof 
‘is complete, 

Second solution. We again assume that a>>0 and b> 0. Since a+b= 
=2, then (a+-b)!=16, or 

(a + b)* = (@ + 2ab + b*) (a? + 2ab + b?) 
= at + 64 + 4ab (a? + b?) + 6a?b? = 16 
But since a?-+-b?=4—2ab, the last equality can be rewritten 
a’ + 64 = 16—16ab + 2a? 


If we are able to demonstrate that 16—16ab—2a?b? > 2, then our ine- 
' quality will have been proved. 


By hypothesis, ab<1. Indeed, Vab<(a-+-6)/2. Since a+b=2, 
it follows that Vab<1, whence ab< 1. And so we have to prove the 
inequality 16—16ab+-2a°b*>2, provided that ab<l. 

We set x=ab. Then we have to prove the inequality —8x-+-7 >0 
with the proviso that x<1. The roots of the quadratic trinomial 


¥°— 8x-+-7 are X;=1, x.=7. Therefore the last inequality may be writ- 
ten as (x—1)(x—7) > 0. 
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But fog x<1 this inequality is obvious. We have thus obtained 
16 —16ab-}-2a"b? > 2, which is what we set out to prove. 

Third solution. Let a=1-|-c, b=1—c. Since we earlier assumed that 
a> 0 and b> 0, it follows that —l1<c<1 and so we can take advan- 
tage of inequality (4) (see Problem 16 of this section): 


(l+-c)§>144c, (1—c)#>1—4e 


Thus 
at + b' = (1 -+-¢)*-+ (1 —e)* & (1 + 4c) + (1 —4c) = 


In conclusion we note that a more general statement is valid: -if 
a+b=2, then a"+-b" >2 for.any positive integer n. This can easily be 
proved by, say, the third method given above. 


Exercises 


1. Prove that for all real numbers a, 6, and ec 
a? + 6? -4-c? => ab--be-t-ca 


2. Prove that if a, b, ¢ are pele and unequal, then 
(a) (a+-b-+c) (a-!-+-b-1-Fe-1) >9, 
(b) (a-+b-e) SUR Palais 
3. Prove that Sot ao Pa 3 2(a+b-+c). 
4. Prove that for all x in the interval 0 <x <a/2 the inequality tan x-+bcot x22 


holds true. 
5. Prove that if a and 6 are positive numbers different from unity, then | logy 6+ 


“+ logy 
6. ee that (/log,)-+-(I/logy, 1) < 2. 
7. Prove that for all realxand y, the inequality x*-+2xy-+-3y?+-2x-+6y+3 =>0 


is valid. 
8. Prove that sintx—6 sin? x+52>0 for all x. 
9. Prove that the polynomial x8— x5+-x?— x-++1 is positive for all real values of x. 
10. Prove that if a+b=-c, a>0, b>0, then a’/#+-6/s> ¢"/s, 
11. Let # be a positive integer. Prove the inequality 


(1-+- I /ny" < (1+ 1/2n)?4 


2. Prove that the following inequality holds true for every positive integer n: 
I I 1 
anttapot ss: taro ! 


13. Prove that (n!l)?> n”, where n> 2 is a natural number. 

14. Prove that nl > 2"-1, where n> 2 is a natural number. 

15. Prove that for arbitrary positive a and 6 and any positive integer n, the 
inequality (a-+-6)" <2" (a"%-+-b") is valid. 

16. Prove that the sum of the legs of a right triangle does not exceed the diagonal 
of a square constructed’ on the hypotenuse. 

17. Prove that the sum of the cubes of the legs of a right triangle is less than the 


cube of the hypotenuse. 
18. Prove that of all rectangles with a given perimeter the square has the largest 


— 


area 
19. Prove that the area of an arbitrary triangle does not exceed one fourth the 


square of its semiperimeter. 
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Find the largest and smallest values of the following functions: 
20. y=5 cos 2x—4 sin 2x. 21. y= b¥~1 geen 


x 2x 
22. Y= ATT: 23. Y= IPT 


1 
1-— 
24. Prove that 28!9 ¥ 4. 9°08 * — 9 V2" tor all x, For which’ valtes of x is 
equality attained? co 
25. Prove that for all x in the interval O< x <a/2 the inequality 
cot (x/2) > 1-+cot x holds true. ; 
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At examinations a rather strange situation would appear to deve- 
lop around solving equations. These problems are ordinarily not con- 
sidered difficult and most students handle them fairly well. Yet many 
serious mistakes are made. 

This situation is strange only at first glance. The point is that very 
often there is a big gap between computational techniques and a con- 
scious grasp. of the logical foundations that underlie them. 

Most students can of course ‘simplify an equation by means of clear- 
cut manipulations, but by far not every student is capable of realizing 
that a solution has been lost or acquired, and many don’t even give 
thought to such things. Still others may know certain parts of the 
theory pertaining to these matters but the knowledge is only formal 
and such students are often completely helpless in a slightly altered 
situation. 

Let us say that the student is quite familiar with the fact that squa- 
ring both sides of an irrational equation can give rise to extraneous 
roots. Yet time and again students square trigonometric equations and 
-then fail to discard extraneous roots! This mistake would not be made 
if the student realized why squaring leads to the introduction of ex- 
traneous roots. 

Or take checking. There seem to be two opposing opinions among 
students here. Some regard checking as a whim of the teacher, some- 
thing that simply has to be done in order to pass, while others regard 
checking as necessary in all cases.without exception. They even go 
on to check the roots of quadratic equations. Both views are based on 
a total misconception of what checking really is and what place it 
occupies in problem solving. 

In short, the student should have a firm grasp of the fundamentals 
of the theory that is needed in the solution of equations. Let us exa- 
mine this minimum of theoretical knowledge. 

First some definitions. 

1. The domain of the variable of an equation is the set of values of the 
variable (unknown) for which its left and right members are meaningful 


(defined); it is thus the set of all eligible replacements for a variable 
in an equation, 
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2. A number a is a solution (root) of an equation if when substituted 
for the unknown (variable) makes the equation a true statement (con- 
verts it into a true numerical equation). 

According to this definition, the solution set (all the solutions) of 
an equation is a subset (a part) of the domain of the variable, other- 
wise substitution: in place of the unknown would not yield a true 
statement and would be meaningless. 

3. To solve an equation means to find all the roots or prove that there 
are no roots. 

4, If all the roots (solution set) of one equation are the roots of another * 
equation, then the latter equation is a consequence of the former. 

5. Two equations are termed equivalent if each is a consequence of the 
other. From this definition it follows immediately that equivalent 
equations have the same solution sets. 

6. Two equations are equivalent on some set of values of the variable 
(unknown) if they have exactly the same solutions belonging to this set. 

Let us illustrate these concepts with two examples. 

The domain of x in the equation x—3=) x consists, according to 
the definition, of all x for which the left member x— 3 and the right 
member Vx are meaningful. Clearly, the left member is defined for 
any x and the right member for x>>0. Therefore the domain of x in 
this equation consists of x20. 

Yet many students erroneously state that the domain of the variable 
is x>>3, since “for x<<3 the left member is negative and the right 
member cannot be negative.” The quoted part of the statement is true 
and it is used in the solution of the-given equation. It shows that the 
roots of the equation are not less than 3. But it does not follow there- 
from that all permissible values are less than 3, because not all permis- 
sible (eligible) values are roots! 

Consider the two equations 


log, (X—2) ++ log, (x-+3) =2 and log,(x—2)(x+3) = 2 


Obviously every root of the former equation is a root of the latter one, 
so that the latter equation is a consequence of the former. The latter 
equation can readily be solved to yield the solution set (roots) x,=6 
and x.=—7. The root x, does not satisfy the first equation, it is not 
even in the domain of the variable. Thus, the two given equations 
are not equivalent, but they are equivalent in the domain of x of the first 
equation (in this domain they have the one root x = 6). 

It is easy to see why this is so. The domain of x in the first equation | 
consists of x>>2, while the domain of x in the second equation is broa- 
der, including these x and also x <<—3. It is therefore natural that in 
passing from the first equation to the second an extraneous root x=—7 
appeared that does not belong in the domain of the variable of the 


first equation. 
8—3480 
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How do these newly introduced concepts operate in the solution of 
equations? The point is that in most cases a solution is obtained afte; 
a long chain of manipulations and transformations from one equation 
to the next. Thus, in the solution process, each equation is replaceq 
by a new one, and quite naturally the new equation can have a new 
solution set (new roots). The prime task in a correct solution of an 
equation is to follow the variations in the solution set and not to allow 
for any loss of roois or any failure to discard extraneous roots. 

The best method is clearly, each time, to replace the given equation 
with an equivalent equation. Then the roots (solution set) of the last 
equation will be the roots (solution set) of the original equation. In 
practice however this ideal version is rare. As a rule, an equation jg 
replaced by a consequence that is not equivalent; then, by the def. 
nition of consequence, all the roots of the first equation are the roots 
of the second, that is to say there is no loss of roots, but extraneous roots 
may appear (on the other hand, they may not). And when in the process 
of manipulations the equation is replaced by a nonequivalent conse. 
quence, the roots have to be investigated. This is a check and it is 
necessary. Note here and now that, as we shall see later on, this in. 
vestigation does not at all mean that we have to substitute the roots 
obtained into the original equation. 

To summarize then, if a solution is carried through without an in. 
vestigation of equivalence and sources of extraneous roots, then ve. 
rification is a necessary part of the solution without which it cannot be 
regarded as complete even if no extraneous roots appeared in actual] 
fact. Of course, if they did appear and were not discarded, the soly. 
tion is simply incorrect. On the other hand, if each time the equation 
was replaced by an equivalent equation (which, incidentally, is an 
extremely rare case), and this fact is stipulated at each stage in the 
solution, then no verification is required. We thus see that the notion 
of checking plays a very definite and extremely essential role in the 
solution of equations and does not by any means merely reduce to ag 
simple checking through of computations. 

As for checking computations, that is up to the student. He may 
do it or he may not according to how carefully he feels the computa- 
tions have been carried through. It is of course always best to check one- 
self at an examination, but this should be done on a separate sheet of 
paper and there is no need to include it in the solution. 

It must be stressed that it is not permissible to replace a given equa- 
tion by one which is not a consequence of the first, because.then there 
is a root of the first equation which is not a root of the second, and so sol- 
ving the second equation does not yield all the roots of the first. A root 
will be lost for good. That is the essential difference between loss of 
roots and the introduction of extraneous roots. 

Such is the theory. In practical situations, one has to know the 
specific sources of introducing or losing roots. In the main, these sour- 
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ces are of two types: the so-called “identity transformations” and 
the performance of operations such as raising to a power, taking lo- 
garithms, antilogarithms, etc. in both meinbers of an equation. 

At first glance, “identity transformations” are quite harmless, but 
actually they often lead to nonequivalent equations since they change 
the domain of the variable (unknown). Say, if in the solution of an 
irrational equation we replace (V 2x-+-1)? by 2x-++1, we immediately 
extend the domain of the variable since 2x-+-1 is meaningful for all 
x, while (V 2x-F1)? is valid only for x2—1/2. The same goes for the 
example that we analyzed earlier: the use of the formula for. the lo- 
garithm of a product led to an extension of the domain and, as a Te- 
sult, to the introduction of an extraneous root. 

There is nothing strange in this: it is simply that most formulas 
used in transformations are such that their left-and right members 
are meaningful for different values of the letters used. Such, for 
example, are the formulas 


Vab=VaVb, Vx)?=x, log, xy= log, x+ log, y, 
log, x" =n log, x, 


1 : 2 tanx. 
log, b— —— i eae rr ermal 
aiegab — b, cot x fanz? sin 2x Tc tan® x? 


tan x-+ tan 
tan (x + 9) = t—tan x tang 


Therefore, replacing one part of a formula by another leads to an ex- 
tension or narrowing of the domain of the variable. Extending the 
domain opens the way to acquiring extraneous roots, while narrowing 
(restricting) the domain makes possible the loss of roots, so that nar- 
rowing is never permissible. As for extraneous roots, if they are acqui- 
red through the extension of the domain, then it is not necessary to 
substitute them directly in the original equation in order to separate 
them from the roots of the original equation; it suffices to check to 
see whether they are in the domain of the variable. If they are not, ~ 
discard them, if they are, leave them. 

This fact is of exceptional importance in the solution of equations 
and so we will dwell on it in more detail. . 

A. If in the process of transforming an equation, extraneous roots ap- 
pear only due to extending the domain of the variable, then those roots 
(and only those) which appear in the domain will be the roots of the ori- 
ginal equation.’ 
_ This rule relieves us of the necessity to substitute the roots found 

into the equation and the purely mechanical checking of numerical 
equations, which at times is exceedingly difficult or even sometimes 
completely impossible due to the fact that there are an infinity of 
numbers to be verified. 


8 
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- Thus, in place of direct substitution we can employ a test for member- 
ship in the domain, but only when the source of extraneous roots is 
extension of the domain of the variable, this case and no other. There- 
fore, when using the membership test the student must explicitly 
state in the solution process where and for what reasons extraneous 
roots can appear. 

As to taking functions of both members of an equation, we consider 
only two of the more important cases: squaring and the taking of anti- 
logarithms. 

It often happens (especially in the solution of irrational equations) 
that one has to pass from a certain equation f(x)=g(x) to the equation 
[f (x)?=[g(~)l?. What happens to the roots in this transition? First 
of all it is clear that the second equation is a consequence of the first: 
if the number a is a root of the first equation, that is f(a)=g(a), then 
[f (a)!’=[g(a)I*, and a is a root of the second equation. But, generally 
speaking, the converse isnot true: the second equation is satisfied also 
by the roots of the “extraneous” equation f(x)=—g(x). Thus, in squa- 
ring, roots are not lost but extraneous roots may appear. 

fey important practical consequence follows from this state- 
ment. : 

B. If both members of an equation are nonnegative on some set of va- 
lues of the argument, then, upon squaring, we obtain an equation that is 
equivalent to the original one on that set, 

Indeed, in this case the “extraneous” equation clearly has no roots 
except for those for which both sides vanish, but such are not extraneo- 
us for our equation. How this is done practically will be demonstrated 
in concrete examples below. : 

Similarly we consider taking antilogarithms in equations, that is, 
passing from the equation log, f(x\=log, g(x) to the equation f (x)= 
=g(x). Let a be a root of the original equation, that is log, f(a)= 
=log, g(a). Then cle Ma)==cloge s(@), of f(a)=g(a). Hence, any root 
of the original equation is a root of the second equation. On the other 
hand the domain of the variable of the second equation is greater than 
that of the first and so it is natural to expect extraneous roots, but 
they will be due precisely to the extension of the domain. Hence, it 
suffices to find the roots of the second equation and test them for mem- 
bership in the domain of the first equation. ; 

Such is the theoretical foundation that the student needs. It is also 
worth stressing that it is not always advisable to employ the whole 
theory; moderation is the best advice and one should strive for the 
simplest solution. If, say, in the solving process it becomes apparent 
that a simple verification of the resulting roots is not difficult, then 
there is no reason to seek out the sources of introducing roots or take 
an interest in the variation of the domain in the solution process, or 
even to find the domain at all. But if this verification is complicated, 
then theoretical reasoning can save the day: at the proper time (and 
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in the final version) the student should investigate the transformation 
that might lead to extraneous roots. 

At the same time, in any solution we must make sure that no loss 
of roots occurs. It is useful to state this explicitly, particularly if the: 
transformation employed is sufficiently complicated. 

Below we will illustrate the more typical cases and also the most 
insidious sources (though not all of them, naturally) that give rise 
to extraneous roots. They include the formulas for transforming ra- 
dicals, the fundamental logarithmic identity, and the formulas for 
taking logarithms of a product and a power, clearing of fractions, the 
cancellation of similar terms, the replacement of an equation by a col- 
lection of simpler equations, and certain “verbal” arguments. We will 
then consider some sources of loss of roots. Some of the last and more 
involved problems will be analyzed with the aim of indicating cer- ° 
tain difficulties of a different nature, not connected with the acquisi- 
tion or loss of roots. 

1. Solve the equation V 2x—6-+V x+4= 5. 

Squaring both sides and using the formulas for transforming Ta- 


dicals, we get the equation 


2x—6 + 2V (2x—6) (x +4) +x +4 = 25 


OV Ox Fox — 4 = 27 —3x (1) 


Again squaring and getting rid of the radical, we arrive at the equa- 
tion x? —170x« + 825=0 whose roots are x,=5 and x,=165. Direct sub- 
stitution of these values in the original equation shows that x, is a 
root and x, is not. 

The above solution is almost exactly what any student would put 
down in his rough draft. With regard to this equation, there is no 
need to go into the theory and, say, investigate the source of the extra- 
neous root; simply, when copying the solution onto the final clean 
sheet of paper, the student should indicate that in the process of trans- 
formations no roots could be lost and, at the end, he should check this 
by direct substitution. The solution will then be complete. , 

Still, it is well to’note that the extraneous root appeared due to 
the squaring of equation (1), as a root of the “extraneous equation”. 

The following problem is just as simple as this one, but in the chec- 
king of a “good” root we suddenly come up against cer tain difficulties 
of a fundamental nature. 

2. Solve the equation 


V bx + 7—V 3x +1=Vx+3 
Squaring both members and manipulating, we get 
2V (6x -F7) (8x-F 1) = 7x-+5 


or 
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again squaring we obtain the quadratic equation 11x?- 
yore ae 0, whose roots are Xy=—I1/11 and x,=— 3. Direct mes 
cation shows that x=—1/11 is the root of the original equation. 
Checking the _value ,=— 3, many students at the examination got 
the equation V— 8—V —8&=0. They considered this statement to be 
true on the grounds that the left member is a case of “equals subtracted 
from equals”. Thus, the value x =— 3 proved to be a root of the origi- 
nal equation. But this argument is baseless since the expression V — 8 
is devoid of meaning: as we know, irrational equations are only con- 
sidered in the domain of real numbers, and the symbol Va is used for 
real a only to denote the principal square root of a nonnegative number 
a. Therefore, the value x=—3 does not lie in the domain of the vari- 
able and, hence, is not a root of the original equation. 
The situation is quite different in the problem which now follows. 
Here, checking the “bad” roots is very involved and the simplest ap- 
roach to a solution is by applying the theory we have developed, when 


- the sources of extraneous roots are taken into account in the very pro- 


cess of solution. a 

3. Solve the equation Vx-+3+V 2x—1=4. . 

Both members of this equation are nonnegative in the domain of 
the variable, and so after squaring we obtain an equation which, ac- 


- cording to Statement B, is equivalent to the original one in the do- 


main of the variable:* . 
(VV x+3)+ 2Vx+3V 2x—1+(V 2x—1)? = 16 


Using the formulas for transforming radicals, which clearly extend 
the domain, we get the equation 


QV 2x2 4-5x—3 = 14—3x (2) 


In these transformations, extraneous roots could appear only due to 
the extension of the domain of the variable. 

Then we reason as follows. The left member of (2) is nonnegative for 
every (permissible) value of x; but the right member is negative for 
x>> 14/3. It is quite obvious that these values of x cannot be solutions 
of the equation, and so from now on we will consider equation (2) 
only in the domain x< 14/3. But in this domain, both members of 
(2) are nonnegative (for the permissible values of x withrespect to 
(2), naturally) and, according to the Statement B, squaring yields an 
equation that is equivalent to (2) on the set x< 14/3: 


(2V 2x? -F 5x— 3)? = (14— 3x) 


* Actually, these equations are equivalent because the domains of the variables 


‘ coincide, but this is not important since later on we will extend the dornain so that 


we Mily not be able to dispense with a test for membership in the domain of the 
variable. - 
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From this, once more extending the domain of the variable, we get 
the quadratic equation x°—104x-+208=0 whose roots are x1,2==52- 
-+ 8/39. Both these roots, as will readily be seen, lie in the domain of 
the variable of the original equation and for this reason we have only 
to check that they satisfy the condition «< 14/3. It is easy to compute 
that x,> 14/3 and x,< 14/3 so that x, is the only root of equation 
(2), and, consequently, of the original equation. ie 

We once again stress that one should resort to this kind of detailed, 
“theoretical”, solution only in case of necessity, only when working 
through the rough draft as the student sees that the roots are “bad”, 
which is to say that a direct substitution into the equation leads to 
a rather complicated problem: the proof or disproof of the equations 


V 55+ 8V39+V 103+ 16 39=4, 
V/ 55—8V30+V 103—16V30=4 


Incidentally, the first of these equations is clearly not true. The 
second one can easily be proved if one knows the formula for transfor- 


ming expressions of the form A+Y B. The alternative approach of 
squaring involves considerable computational difficulties. It is quite 
clear that both these methods are more complicated than the one we 
gave, where all we had to do-was to test the roots x, and x, for their 
validity under the condition x< 14/3. Nevertheless, in this problem 
it is still possible to overcome the difficulties of direct verification 
and avoid application of the theory. 

However, in equations containing a parameter, direct verification 
is appreciably more difficult, and practically the only way out is to 


employ the theory. 

4, Solve the equation x —1=Va— x. 

The right side is nonnegative for all (permissible) x, and the left 
side is nonnegative for x>1. Therefore, the given equation is, in the. 
domain x>=1, equivalent to the equation (x — 1)?=(Va— x*)? which 
can be reduced to 
2x?—2x + 1—a=0 (3) | 
(in the process, the domain of the variable was extended and we will 
finally have to check the resulting roots to see if they lie in the do- 
main). And so we have to solve equation (3) and choose the roots for 
which x>>1 and a—x?>0. The discriminant of this equation is equal 
to 2a — 1, so that for a<<1/2 it does not have any real roots; all the 
more so, the original equation has no roots for these values of a. 

Now we assume that a> 1/2; the roots of (3) are X1,2=U4V 2a—1)/2. 
The root x, clearly does not satisfy the condition x>>1 and so is not 
a root of the original equation. In order to find out about x, we have 


to solve the inequality (1+V/2a—1)/2> 1 or V2a—1 >]; it clearly 
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holds true for a1. And so for a<1 the original equation does not 
have any roots, but for a1 we still have to verify the validity of 
the inequality a—x?>>0, which is equivalent to the inequality a> 
>V 2a—1. Both members of this inequality are nonnegative (we are 
considering a> 1) (see Sec. 1.10) and they can be squared, yielding 
a? > 2a —1 or a® —~ 2a +150, which is valid for all values of a. 

And so for a<1 the original equation has no roots, but for a>> 1 
it has the root x=(1+V 2a—1)/2. 

Note that the verification of the last condition a— x*>0, which 
logically speaking is obligatory, can be conducted without any com- 
putations at all. Indeed, x, and x, have been obtained as roots of the 
equation (x —1)?=a— x* and hence for x=, and x=x, the right side 
is nonnegative, . 

We once again stress the fact that a direct substitution as a check 
of the roots would have reduced to equations in a: 


at V2a—T V/ EV e=1 _ 


2 2 


the outward aspect alone of which is quite saddening, Thus, without 
a conscious mastering of the approach given here to the solution of 
equations, such problems can cause great difficulties. 

One of the most common sources of extraneous roots is the use of 
various logarithmic formulas, in particular, the formula for taking 
logarithms of a product. Indeed, replacing log, f (x)4-log, &(x) by 
logs f(x) g(x), we extend the domain of the variable, permitting values 
of the unknown x for which we simultaneously have f(x)<0 and 
g(x) <0. And so extraneous roots can appear, but only due to exten- 
sion of the domain of the variable, so that to discard them, on the 
basis of Statement A, it suffices to verify their membership in the 
domain. Also note that the converse replacement—the logarithm of 
a product by the sum of the logarithms—can lead to.a narrowing of 
the domain of the variable, and so ‘is not permissible, 

5. Solve the equation log, (x-+-2)--log, (3x — 4)= 4, 

Passing to the logarithm of a product, we get log, (x-++-2)(3x — 4) = 4, 
whence (x-}-2)(3x — 4)=16. The roots of this equation are x, »=(—I-+ 
--V 73)/3. It is easy to see that only x; lies in the required domain of 
the original equation and, on the basis of Statement A, is its root. 

A direct substitution of the “bad” root x, would not have required 
very cumbersome computations but there would be unpleasant enough 
“irrational-logarithmic” manipulations, whereas the employment of 
Statement A yielded the answer at once. 

The appearance of extraneous roots as a result of applying the 
fundamental logarithmic identity ordinarily surprises the student, 
although there is actually nothing strange here, It is due to the exten- 
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sion of the domain when replacing the expression a!&« by b ifa or b 
contains the unknown. 

6. Solve the equation x&yz 2*==4, 

Replacing logy: 2x by logs (2x)? (see Rule IV of Sec. 1.6), we get 


clog, (2x)? — 4 


Now employing the fundamental’ identity, we get (2x)’=4, which 
means x,=—1, x,=1. But neither x, nor x, lie in the domain of the 
variable of the original equation: x, <0, and Vx, =1 cannot be a lo- 
garithmic base. Hence, the given equation does not have any roots. 
The appearance of extraneous roots may not be so noticeable as 
in the problems given above. As a rule, this is due to the fact that the 
reasoning and computations employed lead to an extension of the 
domain of the variable. In the next problem, extraneous roots appear 
in a mutual cancelling of like terms. Again there is no cause for surp- 
rise: in cancelling, we remove the restriction that the eliminated terms 
must be meaningful and thus extend the domain of the variable. 


7. Solve the equation logy V 1--x+3 logs, V [—x==logio V 1—?-+2. 
We transform logy) 1—x®: 
log,, V1 — 2 = logy, Vi+xV1—x= log, Vi—x-+ log, V1-+x 
It is easy to see that this manipulation does not change the domain 
of the variable, and the transformed equation 


log, V1 -Fx+3 log, V1—x = log, V1 —x + logy, VI-+- «+2 
is equivalent to the given one. Eliminating logis V 1-Fx in both mem- 
bers, we obtain the equation 
2 log, V1—x=2 


whose domain consists of the numbers «<<1, which, as is evident, is 
greater than that of the original equation. We should thus expect ex- 
- traneous roots. Solving the last equation we get the root x=— 99, which 
does not lie in the domain of the original equation and therefore is 
not its root: Thus, the given equation does not have any roots. 

One of the sources of mistakes is the (explicit or implicit) clearing 
of fractions. But this causes an extension of the domain of the variable— 
those values of x are included for which the denominator is equal to 0. 

8. Solve the equation : 

I Be 2 logos (4—%) _ l 
logs (3 -+) log, (3--x) 


Taking all logarithms to the base 2 and manipulating, we get the equi- 


valent equation 
logs 6— log, (4—x) 
jog Or) I (4) 
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whence log, 6 — log, (4—x)=log,(3-+-x) and then 


pga te >) 


This last equation is reduced to a quadratic equation and its roots 
are found to be: x,=3, x,=—2, 

During the solution process, extraneous roots could have appeared 
only due to an extension of the domain of the variable because of 
clearing of fractions in equations (4) and (5). It is therefore sufficient 
to test the resulting roots for membership in the domain of the variable 
of the original equation. We thus find that x, does not lie in the domain, 
but x, does and, hence, it is a root of the original equation. 

Mistakes that occur in solving equations in which the left member 
is a fraction and the right member is zero are due to this disregard for 
the domain of the variable. Frequently, the student simply discards 
the denominator in such cases and equates the numerator to zero. For 
a correct solution, one should equate the numerator to zero, find the 
roots of the resulting equation and discard those for which the deno- 
minator vanishes. 

9. Solve the equation tan 3x=tan dx. 

Rewrite the equation as 

~sin3x — sinSx | 0 
cos 8x cosox 

whence, after a few elementary manipulations, we get 
sin 2x —0 

cos 3x cos 5x 


Now, solving the equation sin 2x =0, we get x =An/2, k==0,-E1, .... 
Now discard extraneous solutions, which is to say, those for which 
the denominator cos 3x cos5x vanishes, which obviously happens when 
the values of & are odd. The solutions of the original equation will 
then be the angles x=Am/2, where k iseven: k=2n,n=0, -£1, +£2,.... 
That is, . 

X=nn, “n=O, +1, 42, ... 


Quite obviously it is a grave mistake to take the set of values x = 
==kn/2 for the answer. 
' It is the same disregard for the domain of the variable that accounts 
for mistakes in equation solving in which the left-hand member has 
been factored and the right-hand member is zero. In solving such an 
equation, the student ordinarily equates each factor to zero in succes- 
sion and combines the solutions obtained, completély disregarding 
the fact that for certain values of x which make one of the factors 
vanish the other factor may be meaningless, and in that case such 
values of x will not be roots of the proposed equation. Therefore a pro- 
per solution requires a check to see that all the values of x obtained 
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do indeed lie within the domain of the variable. This can occasionally 
give rise to considerable difficulties. 

10. Solve the equation 
sin 2x cos? 2x sin? 6x tan x cot 3x =0 


Equating each factor to zero in succession, we finally get five groups 


of roots: . 
xa, ea(Qk+ 1%, cok, cake, x= QR+NG 


where, throughout, & is any integer. : 
But this is not yet the answer, the point being that tanx and cot 3x 


are not defined for all values of x and therefore many values of x in 
these groups may prove to be extraneous. Let us consider each group ~ 
separately. 

(1) x=kn/2. If & is even, k=2I, then x=/n and cot3x is meaning- 
less; if & is odd, R=2/-+1, then x=ln-+-n/2 and tanx is meaningless. 

Thus, not a single angle x of the first group is actually a solution 
of the equation. 

(2) x=(2k-+1) 1/4. Then, as is evident, tan.x is meaningful. Besides, 
3x=(6k-+3) 2/4 so that cot 3x is likewise meaningful. 

Thus, all angles x of the second group are solutions of the equation. 

(3) x=kn/6. It is easy to see that, in the trigonometric circle, the 
terminal side of the angle x coincides with the vertical diameter for 
k=61-+3 and, hence, tanx is meaningful for &=46/+-3. Furthermore, 
3x—hkn/2 and cot 3x has meaning only for odd values of &. Hence, the 
only suitable values are odd numbers & not equal to 6/-+3, or numbers 


k of the form k=6l+1, R=6/+5. - . 
Thus, of the angles of the third group, the following angles are solu- 


tions: 
x=in+n/6, x=In+5n/6 


where / is any integer. 
(4) x=kn. In this case cot3x is meaningless and so there are no 


solutions. 
(5) x=(2k-+1) 1/6. By the trigonometric circle, it is evident that 


the terminal side of the angle x coincides with the vertical -diameter 
for k=3l-+1, and, hence, tan will be meaningful for k=3/, k=3l-+2. 
Thus, in the fifth group we have the angles 


x=in+n/6, x=Iln-+5n/6 


where / is any integer; these are the same angles as in the third group. 
The final answer can be written as follows: 


x= (Qn+1)n/4, x=nn+n/6, x=nn-+57/6 
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n an arbitrary integer, or, more compactly, 
X=(2n+1)n/4, x=nn+tn/6 


‘nan arbitrary integer. 

Acquiring extraneous roots is not always so explicit as occurs in 
the last two examples. Sometimes the cause is what would appear at 
first glance to be quite harmless reasoning. 

For example, the equation tan 3x==tan5x that was analyzed earlier 
is frequently solved as follows: “The tangents of two angles are equal 
if and only if the difference of the angles is equal to an integral mul- 
tiple of n; hence, 2x=kn, x=kn/2, k=O, +1, 42,....” But we know 
‘that this answer is not correct, 

Where does the mistake lie? 

The explanation is rather simple: the assertion on which the solution 
is based is incorrect, although it is quite common among students, 
Indeed, iftana=tanB, then «—f =n, where & is an integer, but the 
converse is not true: if «—B=kn, then the equation tana=tan 
may simply be meaningless (say if «=n/2, B=— 1/2). Therefore, in 
the replacement of equation tan3x =tan5x by 2x=:kn, there was no 
loss of roots, but certain extraneous roots appeared. ° 

Let us now consider some sources of the Joss of roois and appropriate 
measures for avoiding such loss. Students most often lose roots when 
replacing a given equation by a new one having a more restricted 
domain.of the variable. Such a restriction (narrowing) of the domain 
results, as we have already seen, from the use of logarithmic formulas, 
trigonometric formulas and certain “verbal” reasoning. 

As we have already noted, replacing the logarithm of a product by 
a sum of the logarithms (Rule I of Sec. 1.6) leads to a narrowing of 
the domain, just as does Rule III which has to do with taking the Io- 
garithm of a power. To avoid such restrictions, one should employ 
Rules I * and III * instead of Rules I and III. The use of the former 
can at worst extend the domain, that is, lead to extrancous roots, 
And we already know what to do with extraneous roots. 

That is how we will solve the following problem. 

11. Solve the equation 


7 lOdyis (+ 2)°—3 = logy 4(4—x)® + logaya(e +6) 

Since 

logis (¥-+ 2)? = 2 log), [x+ 2], . 

logiys (4—x)?= 3 logis (4—x), logis (x -+ 6)8 = 3 logis (x -+- 6), 
the equation takes the form 

logij.]¥+2|—l= logy/4(4—x) + logis (x + 6) 
Whence 
logia4|*%+2] = logy4(4 x) (x + 6) 
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and consequently 


4] x+2|=(4—x) (x+6) 


(there is an extension of the domain in the last two transformations 
and so we can expect the appearance of extraneous roots!). The roots 
of this equation are x,=2, x,=1— V 33. : 

Extraneous roots could appear during the process of solution only 
because of an extension of the domain of the variable and so, on the 
basis of Statement A, all we need to-do is test the values x, and x, . 
for membership in the domain. It is readily seen that all the expres- 
sions under the sign of the logarithm in the given equation for x =x, 
and for x =x, are positive so that both these numbers lie in the domain 
and are roots of the equation. 

The restriction of the domain and, hence, the loss of roots can also 
occur when passing to a new logarithmic base. 

12. Solve the equation 


logo.sx X?— 14 logigx x° +40 logaxV x =0 


Here is a student’s solution. Taking advantage of the change-of- 
base rule and taking x as the new logarithmic base, we have 


log. x° ‘14 logy x? i, 40 log, Vx _ 0 
log,0.5x log, 16x log. 4x 


But it is quite evident that the new equation is devoid of meaning 
for x=1, whereas the original equation not only is meaningful for 
x=1 but has unity as its root. This is precisely where most students 
lose the root x= 1. 

We must therefore reason as follows: we want to pass to the base x; 
to do this we must be sure that x>>0 and x5Al1. Since all the x of our 
domain are positive, the first condition x>0 is satisfied; on the other 
hand, unity lies in the domain and substitution shows that x=1 is 
a root. Thus, one root of the original equation has been found: x =1. 
Now let us seek roots that differ from unity. Then we can pass to 
the base x without losing roots. 

From now on the solution is not difficult. Using the properties of 
logarithms and denoting log, 2 by y we have . 
2 49 200 

tag ey oe 

This equation is reduced_to the quadratic 2y’--3y—2=0, whose 
roots are y;=1/2, y2=— 2. Then we get log, 2=1/2, whence «= 4 and 
log.2=—2, whence x=1//’2. Both of these values, 4 and 1/V’2, are 
ct of the original equation. Hence, the original equation has three 
roots. 

A common and very grave mistake that results in a loss of roots is 
the cancelling of a common factor from both sides of an equation. It is 
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clear that in the process, roots may be lost which make the common 
factor vanish. 

In-such cases it is best to transpose all terms to the left side, take 
out the common factor and consider two cases: (1) the common factor 
is equal to zero; (2) the common factor is not equal to zero; then of 
course the expression in the brackets is zero. It is also possible to 
consider first the case when the common factor is equal to zero and 
then cancel the common factor. 

13. Find all the solutions of the equation 


xeQrel + Qlx~ 3] +2 — x2Q|4-3] 44 - Ox ~1 


We consider two cases. . 
(a) Let x23. Here we have the equation 


x2Qe4l 1 Oven 2 oe y2Qvt1 1 Oxm1 


which is evidently satisfied for every x, and so in this case the solu- 
tions of the given equation will be all values of x>>3. 
(b) Let <3. Then the equation takes the form 


HPQ HL 4 Q5-# oe y2Qim we 1 Oxm—d 
whence 
2*-1 (4x2— 1) = 25-* (4x21) 


It was precisely at this point where many of the students at the exa- 
mination were taken in by the exponential (“main”) expressions and 
disregarded the “insignificant” power expressions and simply cancelled 
them obtaining the equation 2*~!=2°-*, They then obtained the 
root x=3 and, what is more, failed to notice that it does not satisfy 
the condition x <3. ; 

It is abundantly clear that before cancelling out 4x°—1 the stu- 
dents should have considered the case of 4x2—1= 0. Then they would 
have found. the roots x;,2=-1/2 which also satisfy the condition 
X<3. : 

ee solutions of the given equation are: any x >3, x,=1/2, 

X,==—1/2. 
* A common mistake made by students jis the incorrect use of the 
following statement: “If two powers are equal and if their bases are 
equal and different from 0 and 1, then their exponents are equal as 
well.” What is usually forgotten is the phrase “different from 0 and 
1”. The result is a loss of roots, namely those for which the base is 
equal to 0 or 1. 

14, Solve the equation x”* =Vx*, 

This equation may be rewritten as 


VE ax yX/2 


Thus, the powers are equal and the bases are equal. So as not to 
lose any roots, let us see whether the base can be 0 or 1. Since the ex- 
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pression 0° is meaningless, the number 0 is not an element in the do- 
main set and therefore x= 0 is not a root of the equation. Contrariwise, 
x <1 isobviously a root. Now let us seek roots that are different from 
O and !. Using the indicated rule, we obtain Vx =x/2, whence we find 
the second root of the equation, x=4. 

One sometimes hears the erroneous assertion: “If the power of a 
number is 1, then the exponent is equal to zero.” This is only true if 
the base is different from 1, but if the base is 1, then for any exponent 
the power will be 1. 

sin? x 2 sin x +5 

15. Solve the equation |cosx| ~ =], 

We reason as follows: if |cosx|=1, then the power will be equal to 
1 no matter what the exponent. But if |cosx|541, then the exponent 
must necessarily be equal to zero. Thus, our equation separates into 
two: 


cosx|==1 and sintx—~-sinx + +=0 
2 2 


The first equation yields x;= kx, where & is any integer, and the 
second equation yields 


sinx=—, whence x= (lt = ea, 
sinx=1, whence x,=-+2kn 


A check shows that the angles of the second group do not lie in the 
domain of the variable (we get 0° in the left member, which is mea- 
ningless), the remaining roots satisfy the equation. 

Finally, the solution set of the equation has the form 

x,skn, X,=(—1)'a/6+hn (ek an integer) 

Let us summarize: when applying the rule for passing from an equa- 
tion of powers to an equation of exponents, it is necessary to consider 
three cases: the base is 0, the base is 1, and the exponents are equal. 
Reasoning in this manner we can avoid any loss of roots. 

However, extraneous roots may appear. Indeed, in each case we 
have to solve an equation, and since all three equations are solved in 
isolation from one another it may happen that some of the solutions 
will not lie in the domain of the variable of the original equation. 
This is what occurred in the last example where some of the solutions 
of the second equation did not lie in the domain of the original equa- 
tion and were therefore discarded. 

For this reason, after applying the rule for passing from an equation 
of powers to an equation of exponents and after solving the respective 
equations, make a check. It will suffice to establish that the root be- 
longs to the domain of the original equation, in which case it automati- 
cally satisfies the given equation. 
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A frequent source of loss of roots is the use of trigonometric formu. 
las. It will be seen (see Sec. 2.2) that the left and right members of 
a trigonometric formula may have different domains of the variable, 
Such, for example, are the formulas of so-called “universal substitu. 
tion” which express the sine and cosine in terms of the tangent of 
one-half an angle. In these formulas, the léft member has a larger 
domain of the variable and therefore, when replacing the left member 
of the formula by the right, we restrict (narrow) the domain and run 
the risk of losing roots. 

16. Solve the equation sinx—2 cosx =2. 

Passing to the tangent of one-half an angle, we get 


x Pa: 
2 tan > 2(1—tan? +) 
 P : oo 2 
1+-tan? > 1- tan? 7 
whence 


tan5=2 and x=2arctan2+-2nn, n=0, +1, +2,... 


However, this formula does not include all solutions: as can readily 
be verified, all the angles x =(2n-+1) x, n=0, +1, +2, ... are also 
solutions. These angles were lost when we introduced the tangent of 
half an angle. The original equation was meaningful for all values of x 
while the second equation is meaningful only when tan (x/2) is mea. 
ningful, that is, for x54 (2n-++1)a. 

For more details on trigonometric formulas see Sec. 2.2. Roots ma 
be lost when solving equations by the trial-and-error method. The 
following are some illustrative examples. 

17. Solve the equation 3*+-4*=5*, 

It is obvious that x=2 is a root of the equation. Is the equation 
thus solved? Of course not, for we may easily have not noticed some 
other root. Therefore, it is a grave mistake to stop at this point. Let 
us continue as follows: we divide both sides by 5* to get 


3 \* 4\* 

(5) +(¢)'=1 
whence it is evident that if <2, then, by the property of an expo- 
nential function with base less than unity, (3/5)* > (3/5)?, (4/5)* >> 
> (4/5)? so that (3/5)*-+ (4/5)* > (3/5)?+-(4/5)?=1, consequently, «<2 
cannot be a root of the equation. Similarly, for x>>2 we will always 
have the inequality (3/5)*+-(4/5)*< 1, 

Thus, the chosen root, x =2, is the only one. Now the equation can 
be considered as solved. We found a root (it is immaterial just how 
this was done) and then proved that there are no other roots, 

It is quite evident, as this example shows so clearly, that trial-and- 
error solutions are legitimate if after guessing one or another of the roots 
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we give rigorous proof that there can be no other roots. Using this tech- 
nique, it is very easy to solve the equation given in Problem I: 


V2x—6+Vx+4=5 
It is easy to choose a root x=5. But if x>>5, then VY 2x—6> 
>V 10—6 =2, Vx-+4 > 3, which means that for x>5 the left mem- 


ber exceeds 5. Similarly, for-x<<5 the left member is less than 5. 


Hence, x =5 is the only root of the equation. 
However, if we confine ourselves to guessing and do not prove that 


there are no other roots, then roots will very often be lost. Such, for 
instance, is the danger in the problem that ‘follows. 
x 


' 


18. Solve the equation 3*-8**?=6. 
Some students solved this equation thus: rewriting it as 
3x 


3¥ 2 F438 = Bt. 


they chose a root x so that the exponents of the respective bases were 
the same: 

Sy ee 

aie x-+2 


=] 


whence the “answer” x =1. 
But this “answer” is incorrect in the sense that only one root of the 


equation is found and nothing has been said about any other roots. 
Actually, if the exponents on the ‘appropriate bases are equal, then 
the products of these powers are equal, however the converse is not 
in any way implied and is simply incorrect. For instance, the equation 


31,91 == 32. Qlogs (2/8) 
is valid, but 1542 and 154 log, (2/3). Therefore, the foregoing reasoning 
may lead to a loss of roots, and this is exactly what occurred in the 


equation at hand. 
Taking logarithms of bo 


base 10, we get 


th members of the original equation to the 


3 
% logy, 3 +or5 logip 2 == logy, 6 


or 

21084) 3-+X (3 logy) 2-+ 2 logy, 8— logy, 6) —2 logy, 6= 0 

We now have to solve this quadratic equation. This can be done using 
a familiar formula, but we will try to simplify the solution by an 
ingenious device, since we have already seen, by trial and error, that 
x,==1 is a root of the original equation and, consequently, satisfies the 
equivalent quadratic equation. For this reason, by Viéte’s theorem 
the second root of the quadratic equation is x3=(—2 logy 6)/logis 3== 


9—3480 
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=—2log,6 and so the original equation has two roots: X,=1, xg= 
==2 logs 6. 


Thus, it is useful to be able to guess a root, but never consider the 
' guessing as the whole solution. 
The main difficulty often consists not in the loss or the introduction 
of roots but in other things that are no less involved, as will be seen 
in the next few problems. 
19. Solve the equation 


an 
logi/¢s cos? x) SINX = 7 


By the definition of a logarithm, we get the following equation: 
: 1 
aria aT 
This equation is a consequence of the original one, but clearly has 


a larger domain; indeed, the domain consists of all values of x for 
which cosx= 0, whereas the original equation requires that two other 


conditions be satisfied as well: 1//8cos?x £1 and sinx>0. Neverthe- 
less these equations are equivalent since every root of the second 
equation lies in the domain of the original. one. Indeed, if Sin Xo= 


=1/V 8cos’xo, then, firstly, sinx»>0 and, secondly, 1/8cos?xy'=41, 
otherwise we would have cos’ xo=1/8 and sinx)=1, which of course 
- is impossible. _ 

We now have sinx |cosx|=1/(2V 2) (see Sec. 1.4). To solve this 
equation it will be convenient to consider two cases. _ 

(a) cosx>0. We then have the equation sin.xcosx=1/(2V 2) or 
sin2x=1//2, Its solutions are given by the formula x=(—1)*n/8-4 


Fig. 16 


--kx/2, where k is‘any integer. But of these values we have to select 
only those that satisfy the condition cos x>0. To do this, determine 
the values of & for which the appropriate value of x lies in the first and 
fourth quadrants. This is easily done by depicting the solutions in 
- the trigonometric circle. For values k= 0, 1, 2, 3, the corresponding 

angles are shown in Fig. 16 (for other values of &, the angles repeat 
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jaghie eee ee 


every four units). The only angles that suit us are x»=n/8 and x,=. 
= (—m/8)-+-(1/2)=3n/8 and the groups which they generate (for k= 
=-4n and k=1+4n), that is, the angles 


3. 
x= Z-+ Qna, x= ZF + 2nn 


where n is any integer. 
(b) cos x<0. This case is examined in similar fashion. 


It yields four groups of solutions: 


x= q+ Ona, x= 22 + 2nn, x= + 2nn, 
x= B+ 2nn 


n any integer. 
These groups can be combined into two: 


x, =(—1)” = +nn, x,=(—1)" Bt nn 


20. Solve the equation tan(n cos x)=cot (cos 2x). 
Transform the right member: 
cot (1 cos 2x) = cot [7m (2 cos? x— 1)] = cot (2x cos? x) . 
== tan (1/2 —2n cos? x) 
Thus, we get the equation 
tan (x cos x) = tan (1/2 —2s cos? x) 
whence 


m1 COS X— ($—2n cos? x) =kn 


where & is an arbitrary integer. Note right off that in passing to this 
equation we extended the domain of the variable; in the original equa- 
tion the domain is defined by the condition 


m cos x & (0/2) + kn, (1/2) — 20 cos? x = (m/2) +ln 


That is, cosx+ (1/2)-+h, cosy —1/2 (where k, J are integers), while 
in the new equation the domain includes all values of x. 


Furthermore, we have the equation 2cos?x-+cosx—1/2=k or 
4cos?x-+2cos «— (2k-+1) =0, whence : 
, cosx= aye 


We now have to determine for which values of & the equations 


—1—V 8+5 — 
cos x= EE and cos gaye 


have solutions. It is clear that &2>0 (otherwise 8k+5<0). 


Q* 
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The first equation has a solution for 


—l— VY 84-5 
Pane) | < beled A Bs <— 1 
The right inequality is automatically valid, and from the left we have 


V 8R+5 <3 or 8R4+-5<9, whence k<1/2<1. Hence, the first equa- 
tion has a solution only when k =0, and its solutions are 


x= -karccos (+54) +-2nx, n any integer (6) 


All these values of x clearly lie in the domain of the variable of the 
original equation because 


cosra VB tag, cost y= St V5 1 


and consequently are its solutions. 
The second equation has a solution for 


— 1 SELVES & 


or —3< V 8k-+5 <5 whence k<5/2. Hence, the second equation 
has a solution when k=0, 1, 2, and its solutions can’ be written as 


—1 8R-+-5 
x= arceos FV BES +2nn (k=0, 1, 2; nany integer) (7) 


All these values of x lie in the domain of the variable of the original 
equation and consequently are solutions of that equation. 


Thus, the solution set of the original equation is given by the for. 
mulas (6) and (7). 


Exercises 
Solve the following equations: 
1 V2x—34 Varies 2. VOI pxmaas, 
8. Vx-1+VoxfFo=4, 4, VxFI42 Vem oR— 3, 
5. Vx 1+ Vx+2= V34tx~— VTL, 
6. Vetl—1=Vx—Vrs. 
7. Vi4—x= Vx—44+ Vr—l, 
8. (2x-+ 1)8/? — (13x/2) = 1, 
9. / x14 / x= / 23, | 
0. 6/434 / x25 V/ (xD) (gma), 
1, aVitey Vis Vx. 


2, 22x42 Gx 9.924420, 


— het 


i 
“2 
. log?y x3 —20 logig Vx +1 =0. 

» logy 3-logyrs 3+ log,;,, 3=0. 

. 1-2 logy 2- logy (10—x) = 2/log, x. 
. eetlon x, 

| xlog, (x48)? = 16. 


2 Vv x0aso V* 10, 


| xflogs 2)*~3 logs x37 log Vr Pg 


3 
‘ yllogs x3)3 oS (Vx 
. glogaxs. 3. x!08a8 — 2, 


‘ V Toko ® + logy Ve =— 1/2 Je 
. log I— Vix) =logg: (3— VI-+*). 


- logy, 
_ 1/2 logs (—x— 16) — logs (VW —¥—4) = 1. 


: log, Wie 10- logy (x? —3x-++ 2) = —2 + log, Wie 
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| 8X —3-4¥— 3.204148 =0, 
| 4X 2. 14*-4 3.49%, 


» (2+ AS ia dal A CT 


. logs (4% + 15-2* 4-27) —2 logy (4.2% —3) = 0. 
s (1+ +*/2) logs 3— log, (3*— 13) =3 log, 5-4 


. logs (3*— 1) logs (3*+1—3) =6. 
- logs [(2-+ VE) —(V 5-2] = 5 —3 loa 2 
- Togs (8/84) _ 


101 


(logs x)? 4 
me 9 a 
(01% = 10.2°V 41) =3 (lg, y7 49-1). 


ies xt~ logy (2-21 (et gy log 4.9)? 43, 


1 
-logs; X+-———= 
enon log, Vx 


(2x—3) = 2 log, 4+ logs (1 li72), 


2x—1 


___ blogs 8) ny, 
jogyp Vet 8—V 33) 


. Vlog, x-+- V Flog, x—2=4. 


Vi log, V 27 logs x-+ 1=0. 
‘ log 7_(%—1)-+ logy 3 (+ 1) log, We (7—x)=1. 


; 10- logig (x—3). 


, logs (—~—x2—8x—~— 14) log yey gy gx I=! 

. 2 logs (2x) + logs (x? +1 — 2x) = 4/3. 

» logy pr (42+ 4 —6)? = 4. 7 

| logs (Ve+| Ve—I |) = logs (4 Vx—3-+4| V1) 
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45. 2 logs x—log,;,(13—x) = log, (y—10)?-+ 2 log, (8—x). 
4G, QU+2 608 8x. 16 sin? (5x/2) og 
47. gsin 2x42 cos? *4.gt~sin 2x+2 sin? * 98, 


1 sin x 
_— 16 = . 
48. > cot (442) 
16 2 4 


49. 3 (log, sin x)? -+ log, (1—cos 2x) =2, 
50. (log.i, , COS x=. 


51. V Woe sin xcosx=l. 
52. 108 sin : (1+ cos x)=2., 


53. logig sin 2x — logy, sin x= logy, cos 2x— logy) cos x-+-2 logy, 2. 
54. log, cos 2x—log, sin x— log, cos x= 1, 
55. logyo Sin (x/2) = logy 9 (cos x— sin x) + logy) (cos x-+sin x). 

56. log, sin x— log, cos x— log, (1—tan x)— log, (14-tan x)= 1. 
57. (sin x)~"" *— 1 =cot? x. 

58. (tan x)°°S"* = (cot x)" *, 

59. | cos Kye 3 VatvaxnT0 


$cos = 


60. (cos 2x— cos! x) cot 3x -- 


lL. 


sin 5x—sin x 
et ASR dA 
8 sin 3x 


; : ; cosy F 
61. cos? x sin 6x-+-2 sin? x-sin 3x-cos 3x + (See — sin «) sin 6x=0, 


0. 


1 ; hoe 
62. (+c) sin 2x cos 2x cot 3x =o 
63. V sinx-+-cos x==0, 
64. sin 4x sin x—sin 3x sin 2x == 1/2 cos 3x-+-(1+- cos x)i/2 : 


65. (tan x-+sin x)*/? + (tanx—sin x)¥/? =2 VY tang cosx. 
66. 5¥-+ 12% = 13%, 


67. V24 V3) 4+(V2-V3)* nae, 


<j 


1.10 Solving inequalities 


A great deal of mistakes are ma 


de in the solution of inequalities. 
The point is that in most cases th 


e solution of inequalities given at 
examinations does not require any particular ingenuity or artificial 
techniques, and so, as a rule, the student sees at a glance what steps 
must be taken. However, in carrying out the manipulations, the stu- 
dent makes serious mistakes due to a failure to recognize the funda- 
mental theoretical propositions involving inequalities. 

Actually, solving inequalities hardly requires anything more than 
the ability to reduce an inequality to the solution of elementary ine- 
qualities (without either losing a solution or introducing any extraneo- 
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us ones), and then to solve these elementary inequalities. To carry out 
the latter part, the student has to know the fundamental properties 
of the functions studied at school (algebraic, exponential, logarithmic 
and trigonometric functions); to carry out the former part, the student 
must be able to handle the basic concepts involving the equivalence 
of inequalities, the sources of loss of solutions and of the introduction 
of extraneous solutions. : 

The basic definitions needed in the solution of inequalities repeat al- 

most word for word those required for equations (Sec. 1.9). Note the 
following two differences in terminology however: the term “root” 
is not used when speaking of inequalities; one always uses the term 
“solution”; also, for the sake of brevity, one speaks of the 
solution being a certain set of values of x, for instance, the interval 
a<x<b, whereas in actuality every value of x of the set is a solu- 
tion. 
The similarity of equations and inequalities is quite naturally not 
confined to that of the basic definitions. It is obvious, for example, 
that everything that has been said about transforming equations which 
extend or restrict the domain of the variable is just as valid when ap- 
plied to inequalities. 

However, it must be stressed that solving inequalities has its pecu- 
liarities in that the same manipulations applied to equations and in- 
equalities lead to different results. For instance, when multiplying 
both members of an equation by some nonzero factor (which is mea- 
ningful in the domain of the variable), an equation is replaced by an 
equivalent equation, whereas for inequalities we have to deal with 
the additional restriction that the factor be nonnegative in the domain 
of the variable. In the same way, squaring both sides of an equation 
does not lead to a loss of roots, while squaring an inequality can lead 
either to a loss of solutions or to the introduction of solutions. Stu- 
dents often lose sight of these peculiarities and make mistakes in the 
solution of inequalities that they never would make when solving 
equations. 

It is a matter of wonder that so many mistakes are made by stu- 
dents when solving the simplest kind of inequality. Apparently this 
is due to a formally understood analogy between equations and ine- 
qualities. The reasoning goes roughly like this: “Since the solution of 
the equation log,/,x=1 is x=1/2, the solution of the inequality 
log,/2x> 1 constitutes the values x > 1/2.” Similarly, solutions to the 
inequalities (1/5)*<2 are written as x< log /,2, and so on. Yet the 
actual solutions to the two foregoing inequalities are different: in the 
first case, O<x<< 1/2, in the second, x> log 1,2. A false analogy bet- 
ween equations and inequalities led to these mistakes. 

Actually, when the student tackles an elementary inequality, he. 
should consciously take advantage of the properties of the functions 


participating in the inequality. 


y 
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Let us now consider examples in solving some elementary inequali- 
ties, 

We wish to note first of all that the solution of linear (first-degree) 
and quadratic (second-degree) algebraic inequalities is usually quite 
thoroughly explained in textbooks and hardly ever causes any trouble, 
The solution of inequalities involving absolute values was discussed 
in Sec. 1.4. 

Here.we wish to dwell on elementary exponential, logarithmic, and 
trigonometric inequalities. 

An elementary exponential inequality is an inequality of the type 
a* >a’ (a* <a’), When handling such inequalities, it must be re- 
membered that the properties of an exponential function differ for 
bases greater than unity and less than unity, 

1. Solve the inequality —1 <(1/3)* <2. 

To solve a double inequality means to find all the values of x which 
simultaneously satisfy the two inequalities: (1/3)* => —1 and (1/3)*< 9, 


Fig. 17 


Since an exponential function is always positive, the first of these 
inequalities is valid for all values of x. 

Rewriting the second inequality as (1/3)* < (1/3)!¢,/,2, we take 
advantage of the property of an exponential function: to a base less 
than unity, the greater value of the function is associated with the 
smaller value of the argument and conversely, to the smaller value of 
the function corresponds the greater value of the argument. This in- 
equality is therefore equivalent to the inequality x>log:,, 2. 

This solution is well illustrated by the graph shown in Fig. 17, 
namely, the solutions are those values of x for which the graph of the 
function y=(1/3)* lies below the horizontal straight line y =2; that 
is, all x to the right of the abscissa of the point of intersection of these 
graphs (this abscissa is a solution of the equation (1/3)*= 2). Thus, 
the solution of our inequality is the interval x~> logs, 2. 

When solving inequalities containing the unknown under the sign 
of the logarithm, one must also bear in mind that the properties of 
a logarithmic function differ depending on whether the base is less 
than or greater than unity. However, another essential point in sol- 
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ving these inequalities is that the logarithmic function is not defined 
for all values of x. This is lost sight of by many students when sol- 
ving an inequality like log.x<<1. They reason this way: “We rewrite 
the inequality as log, x< log, 2. The greater number to a base greater 
than 1 has the larger logarithm, and so the inequality is valid for 
x<c2.” ; 

Nothing would seem to be wrong in this argument, but still the 
answer is faulty because extraneous solutions were introduced. Indeed, 
any negative number is less than 2, but the original inequality is 
meaningless for negative values of x (because negative numbers do not 
have logarithms). 

Why were extraneous solutions introduced? When “solving” the 
inequality, we passed from log, x«<log,2 to x<2. The latter inequa- 
lity is meaningful for all values of x while the original inequality has 
meaning only for those values of x for which log, x is meaningful, that 
is to say, for x>>0. Hence, extraneous solutions were introduced 
simply because the fact was disregarded that a logarithmic function 
is defined only for positive values of x. 

A correct answer is obtained if we choose from among the solutions 
of the latter inequality those whose values of x>0; thus, the solution 
of our inequality is the interval O<x<2. 

This simple example makes it abundantly clear that one should 
bear in mind, when solving logarithmic inequalities in this manner, 
that a logarithmic function is only defined for positive values of x. 
However, these inequalities may be solved in a different way: instead 
of using the domain of definition of the logarithmic function and 
its property of monotonicity we can immediately take advantage of 
Properties VII and VIII of logarithms (Sec. 1.6). 

Thus, using Property VII in the above example, we can directly 
replace the inequality log.x<log,2 by the equivalent inequality 
0<x<2, which yields the answer. 

Taking into account the simplicity of solving logarithmic inequali- 
ties by means of Properties VII and VIII, we will henceforth solve 
such inequalities by using these properties. 

2. Solve the inequality logs), x > logs), x. 

Taking the logarithm of the right member to the base 1/2 (Rule V, 
Sec. 1.6), we get an equivalent inequality: ; 


log1/2X (1 logs) >0 


Since 1/2> 1/3, it follows that logs, 1/2<log:,, 1/3 or 1—logs),1/2> 


>0. 
Noting that O=log:, 1, we find that the original inequality is 


equivalent to log:,,x> log:,,1. 
Applying Property VIII to this inequality, we get the solution of 


the original inequality: O<x< 1. 
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Now let us examine trigonometric inequalities. Despite the fact that 
the solutions of the more elementary trigonometric inequalities are - 
thoroughly explained in the standard textbooks, students continue 
- to make serious mistakes even when solving the simplest inequalities. 

We now examine a few typical mistakes of this nature. . 

(a) Knowing that the solutions of the equation sinx=a(|a| <1) 
are given by the formula x=(—I)* arcsina-+kn, where k=0, +1, 
+2, ..., many students write that “the solution of the inequality 
sinx <a consists of all values of x<(—1)* arcsina+kn, k=O, +1, 
+2, ....” 
It is quite often difficult to convince the student of the absurdity 
of such an answer. 

(b) Many mistakes are made that are connected with the formal use 
of the symbols arcsina, arccosa, etc. These symbols are frequently 
employed when the student has not yet investigated whether they are 


Fig 18. 


meaningful or not. For instance, the solution to the inequality sinx< 
< log, 5 is written as arcsin (log, 5), which is meaningless since log,5~> 
> 1. Yet this inequality is valid for all values of x; this is evident from 
the very start because log,5>>1. 

(c) Mistakes occur due to improper use of the trigonometric circle, 
For example, when solving an ‘inequality like sinc <—/9/2, the 
students correctly indicate the angles that yield the solutions of the 
inequality (Fig. 18) but err when they give the analytic notation as 


ht hn <x<S—S42km, k=0, £1, £2... 


It is clear that this notation is meaningless since the left member 
of the inequality is greater than the right member for all values of &. 

When solving elementary trigonometric inequalities, it is best 
to make use of the graphs of trigonometric functions. This is a prac- 
tical guarantee against mistakes and makes for a pictorial represen- 
tation of the regions in which the inequality is valid. When giving 
their analytic notation, it is convenient to take advantage of the fol- 
lowing fact: if f(x) is a periodic function, then to solve the inequality 
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f(x) >a it suffices to find the solution in any interval that is equal 
to the length of the period of the function f(x), then all values of x 
thus found and also all x that differ from these values by an integral 
number of the periods of the function f(x) constitute a solution of 
our inequality. 

3. Solve the inequality sinx> 1/2. 

We construct the graphs of the functions y,;=sinx and y,=1/2 
(Fig. 19). This inequality is satisfied for all values of x for which the 


Y 


Fig. 19 


first graph lies above the second one. Since the period of the function 
sinx is Qn, it is sufficient for us to solve the proposed inequality on. 
some interval of length 2m. It is easy to see that the most convenient 
interval is that from 0 to 2m: the solutions can most simply be written 
then as n/6<cx<5n/6. 

Thus, the complete solution of the inequality is 


Ken xc B4 bm, k=0, £1, £2. 


This notation is to be understood as follows: there is a certain interval 
for each integer k, and the set of all these intervals constitutes the 
solution of the inequality. oo 

4. Solve the inequality cosx>—1/2. 

We construct the graphs of the functions y;=cosx and y,=—1/2 
(Fig. 20). The period of the function cosx is also equal to 2x, but 


Fig. 20 


the drawing shows us that it is no longer convenient to take the interval 
from 0 to 2 for the basic interval because the solution of the inequa- 
lity there will consist of two “pieces”. It is therefore more convenient 
to seek the solution of this inequality on the interval from —ax to x. 
This is the interval —2n/3<x<2n/3. Consequently, the complete 


3 } tS 3 ’ ’ U ’ 


5, Solve the inequality |tanx|<1/7. 
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The period of the function ane) : ie to x. 
inequality on the interval from —x/2 to x 2 and construct th 
of the functions y:=|tanx| and y.=1/7 (Fig. 21). It is evident that 
the solution will consist of all x lying in the interval —H<cxr<ex 
where x» is the abscissa of the intersection point of the graphs under 
consideration that lies between 0 and 1/2, that is, the 


root of th - 
tion tanx=1/7 located in the interval O0<x<n/9. ence: ee 


We consider the 


Fig. 21 


! 
i 
Te 
1a 


-¥ ~Xq O\Xo ¥ 
- =arctan (1/7). Taking into account the period of the function y= 


[tanx|], we find that the solution of our inequality consists of all 
values of x located in the intervals 


—arctan tt kn INK arctan + +-kn, where - k=0, +1, +! 

. _ Note that the original inequality can be written as 

lity —1/7<tanx<1/7 and solved by using the grap 
y=tanx. 

6. Solve the inequality sinx ~cosx>0. 

Using a consequence of the addition formula and 2/4 as an auxiliary 
angle (we call this the auxiliary-angle formula), we get the inequality 
V 2sin[x—(x/4)]=>0. Of course it can be solved by considering the 
graph of the function y=sin[x—(m/4)]. However, it is best to do other- 
wise. Denoting x—(z/4) by z, let us consider the inequality sinz>>0. 
Its solution 2nk <z<n-+2nk, k= 0, +1, +2,... isdirectiy obtained 
from the graph of the function y=sinz. Now, substituting x—(7/4) 
in place of z, we find the appropriate intervals of variation of x: 


F4obn<x< 24 %hm, k=0, bl, £2,.., 


a double inequa- 
h of the function 


This technique—replacing x— (n/4) by z—enabled us to- dis ense 
with constructing the graph of the function y=sin[x—(n/4)]. Its 
convenience is still more evident when solving elementary trigonomet- 
ric inequalities with a complicated argument. For example, it allows 
us to get around constructing an extremely involved graph when sol- 


ving inequalities like sin (/2x-++-7) > —1/2. Here of course it is easier 
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to denote /2x-+7 by z and solve the inequality sin z>—1/2 using 
the graph of the function y =sin z, and then pass to x. ; 

Higher-degree algebraic inequalities can also be classed as elementary 
inequalities. Students sometimes solve them by investigating various 
cases, which is to say, by passing to a solution of several systems of 
inequalities. Confusion often begins when the student is not able to 
find the common portion of the solutions and is undecided about whe- 
ther or not to combine these solutions, yet there isa unified standard 
method for solving such inequalities. It is the so-called method of in- 
tervals that we now give. 

Suppose, for example, we ‘have to solve the inequality 


(x—¥%,) (x —%,) oes (X—%,~1) (x—Xn) < 0 
where Xi, %2) «+», Xn are distinct real numbers. We will assume that 
Xp <Mg oh gi Mn 


Plot these points on the real number line (Fig. 22) and consider the 
polynomial 
P (x) = (€—%y) (KH) 0 (XX p-1) (Xn) (I) 


It is clear that for all x>>x, all the parenthetic expressions in (1) 
are positive and, hence, for x> x, we have P(x) >0. Since for %,-1< 
<x<x, the last parenthesis in the expression P(x) is negative, and 
Fig, 22 = eae 
Ky X2%3 Xana Xt Xn 

all the other parentheses are positive, it follows that for %;-1+<.x¥< Xn 
we have P (x) <0. Similarly we obtain P(x) >0 for Xn -2<X¥<n 1, 
and so on. 

That is the underlying idea of the method of intervals. On the num- 
ber line, the numbers x1, 2, ..-» %n must be arranged in order of in- 
creasing magnitude. Then place the plus sign in the interval to the 
right of the largest number, In the next interval (from right to left). 
place the minus sign, then the plus sign, then the minus sign, etc. The 
solution of the inequality P(x)<0 will then consist of intervals ha- 
ving the minus sign. 

7. Solve the inequality 


x(x 1) (—x+-V 2) (84+ 1) (8x4 12 (K+ V7)? 
: x (1—— x) (2x —m?) (— x-+ 0) (x —sin? 1) <0 


It is quite obvious that if we reduce this inequality to systems of 
inequalities, then we will have a large number of cases to consider. 
Let us solve it by the method of intervals. First, we have to reduce 
it to the proper form. Note that x*—x-+1>0 for any value of x and 
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for this reason this factor can be cancelled from -both members of the 
inequalities. Further note that (3x-+1)?>>0 for x=4—1/3 and there- 
fore this factor can likewise be cancelled. Remember however that 

=—1/3 is not a solution of the inequality. Besides, it is clear that 
the sign of (x-+//17)? coincides with that of x+//17 and therefore 
we can replace (x-+V/ 17)? by x+-V'17 without impairing the inequality. 
Finally, represent each factor as x—a, where a is a number, 

All these manipulations result in the inequality 


(0) e—(—N] (e—-V2) [x—(— VT] 
x (41) (x —5) (x—n) (x—sin? 1) > 0 


which is equivalent to the original one for all x 5& —1/3 (since we mul- 
tiplied three parentheses by—1, the sense of the inequality is reversed). 


Fig. 93 IN SON SON 
8. -Vi7 TO LAG n x? 
sin) : Z 


Plot the numbers 0, —1, —V/17, 1, »*/2, 1, V2 and sin? 1 on the 
real number line (Fig. 23). Then the last inequality is true for x located 
in the intervals 

x¥<-V1I7,—-1<x<0, sitll <x <1, 
V2<x <n, x <x 


The solutions of the original inequality are these values of x, with the 
exception of x=—1/3, that is, 


x< VII, ~1<e<—t, —Lex<o, 
siml<x<l, V2<x<n, Ben 
It is.also to be noted that the weak inequality ; 
(x— x,) (x—x,) ... (x—x,) <0 


can also be solved by the method of intervals, but the answer is writ- 
7 in the form of the intervals *;SXXXi41 with the endpoints in- 
cluded. ; 

. Frequently, problems involving inequalities can be reduced to 
elementary inequalities by means of simple algebraic manipulations 
and the introduction of a new unknown, 

8. Solve the inequality 


9*—10-3°4+.9<0 


Denoting 3* by y, rewrite the inequality thus: y2—10y-+9 <0. This 
quadratic inequality is true for all values of y in the interval lxy<9, 
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Substituting 3° in place of y, we obtain that the original inequality 

holds true for all x satisfying the double inequality 1<3*<9. 
Solving this elementary exponential inequality, we get the answer 

O<x<2. 

’ 9. Solve the inequality . 


logex+3 log, x > 2 log, yz 16 


Denoting y=log,x and noting that 5/2 logyvz16 = 4, we rewrite 
our inequality thus: y?+-3y — 4 >0. The solution set of this quadratic 
inequality is made up of all y>1 and also all y<—4. Hence, the 
original inequality will hold true for all x for which log,x>>1 and 
also for those x for which log, x< —4. Solving these elementary lo- 
garithmic inequalities by means of Property VIII of logarithms, we 
get the answer: x>2, 0<x<274, 

10. Solve the inequality 


1 \(twaxteayt/? Se 
er <(z, 


If we disregard the exponents, we can say that this is an elementary 
exponential inequality with base less than unity: (1/2)¢<(1/2)®, 
Solving it, we find that the original inequality is equivalent to the 
inequality (x®—2x3-++1)'?# > I—x. 

Since (x*—2x3+-1)*s=)V (x8—1)?= |x7—1| (see Sec. 1.4), it follows 
that we have yet to solve the inequality | 


|x®—1| > 1—x 


Since the left member here is nonnegative, it is automatically sa- 
tisfied for 1—x<<0, that is, when x>1. 

We now consider x< 1. In this case, x*<1, and so |[x?—1|=1—x8 
and we have the inequality 1—x?> 1—.x or 

x (x—1)(x+1) <0 

Solving this inequality by the method of intervals, we find that it is 
true for x<<—1 and for x located in the interval O0<x<1. All these 
values of x lie in the domain x< 1 under consideration and so are so- 
lutions of the original inequality. 

Thus, the original inequality is valid for x<—1, O0<x<1, x>1. 

11. Solve the inequality 


5-+2 cos 2x <3|2sinx— 1} 


Taking advantage of the formula for the cosine of a double angle 
and denoting sinx by y, we can rewrite our inequality as 7—4y3< 
<3 |2y—1]. To get rid of the absolute-value sign, consider two cases: 
yo 1/2 and y<1/2. 
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(a) Suppose y > 1/2, then our inequality is written 7— 4y? <3 (2y—1) 
or 2y?-+ 38y —5>>0. The solution set of the latter inequality is y>1 
and y<— 5/2. But taking into account that we only consider y> 1/2, 
we find that this condition is satisfied by y>1 alone. 

(b) Let y<1/2. Then the original inequality is rewritten 7—4y’?< 
<—3(2y—1) or 2y°—3y—2 >0. The solution set of this last inequa- 
lity consists of y>>2 and y <—1/2. But Condition (b) is satisfied so- 
lely by y<—1/2. 

Thus, the solutions of the inequality in y are y<—1/2 and y>1. 

If in these inequalities we replace y by sinx, we find the solutions 
of the original inequality to be all x that satisfy the elementary tri- 
gonometric inequality sinx< —1/2 and all x satisfying the inequality 
sinx > 1. 


The solution set of the first inequality consists of all x lying in the 
intervals 


hp On x<—E 4 Den, b= 0, 1, 2, 


The second inequality will be true only for those values of x for 
which sinx=1; that is, for 


x=P4+2kn, k=0, +1, +2,... 


Thus, finally, the solution set of the original inequality consists 
of all x==2/2-+-2kx and all x located in the intervals 


EL hn eS E 4 lhe, eee ee ee 


12. Solve the inequality 
log,,sin x > logy,, (3 sin x—2) 
Noting that log, sinx=log:., sin’ x, we rewrite our inequality as 
log,,, sin® x > log,,, (3 sin x—2) . 
Now applying Property VIII of logarithms (see Sec. 1.6), we see that 


our inequality is equivalent to the inequality sin? x>3sinx—2>0. 
Denoting y=sin x, we arrive at the system of inequalities 


y—d3y+2>0 
38y—2>0 
Regrouping, represent the left member of the first inequality as 
y—8y+-2=y (y—1)—2 (y—}) 
= (y—1) (+ 9—2) 
= (y— 1) (y-+2) 
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It then follows that this inequality is true for all y>>—2 with the 
exception of y =1. 

The second inequality of this system is valid for y> 2/3. Hence, the 
solution of the system includes all y> 2/3, except y =I. 

Returning to x, we find that the original inequality is equivalent 
to the following double inequality: 2/3<sinx<l. 

The solutions of this elementary trigonometric inequality are given 


by the intervals 
aresin 2/3 4+-2kn <x < 10/2 + 2kn, 
1/2 + Qkn <x << n—aresin 2/3-+4-2kn, 
k=0, +1, +2,... 


13. Solve the inequality 
cos [x (x?— 10x)] —V3 sin [x (x? 10x)] > 1 


Putting y=n (x?—~10x), rewrite the inequality as 


I V3... 1 

7 COS Y—-_- SINY > > 
Using the auxiliary-angle formula, we get cos [y-+-(n/3)]> 1/2. The 
solution of this elementary inequality consists of the intervals 


— 4 2kn y+ < Ht ke, k=0, +1, +2,... 


Reverting to x, we find that for every integer k we have to solve the 
following system of quadratic inequalities: 


x?—- 10x—2k <0 
x?— 10x—2k + 2/3 > 0 


The first inequality has solutions if and only if the discriminant of 
the quadratic expression x*—10x—2k is positive, that is, 25+2k>0 
or k>>—12 (k an integer). And so the second inequality of the system 
will also be considered only for k >—12. 

Note that for these &, the discriminant of the second inequality is 
also positive. For any fixed & > —12, the solution of the first quadratic 
inequality is the interval 5—V + 2R<x< 5+) 25+2k while the 
solutions of the second one consist of two infinite intervals: x>5 -+- 
+-V 95--2k—(/,) and x<5—V95--2k—(7/,). The common portions 
of the solutions of these two inequalities (in the terminology of set 
theory we would say “the intersection of the solutions of these two 
inequalities”) yield the solution of the system and, hence, of the ori- 
ginal inequality. Clearly, V 25--2k—(/,) < V 25-+2k for all k2>—12. 


10—3480 
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Taking this remark into account, it is easy to write out the answer: 
5—V 25-+ Dk <x <5—V 25+ Dk--273, 
5+V 25+ 2-23 <x <5 + VOOR 

where & is an integer > —12, 

Besides inequalities that are combinations of elementary inequali- 
ties, the student often has to deal with inequalities in the solution of 
which he has to apply various transformations and the associated con- 
cepts, 

In the following simple examples we will show how the concept of 
the domain of the variable is used. 

14. Solve the inequality Vx >—1, 

Since the left member is a nonnegative expression, the inequality 
is true for all values of x for which it is meaningful, that is to say, in 
the domain of the variable x. But the domain of this inequality con- 
sists of the set x>0; this is the solution of the inequality. 

15. Solve the inequality Vlog, x>0. 

This time again, the expression on the left-hand side is nonnegative 
and so the inequality holds true for all x in the domain of the variable, 
with the exception of those for which the left member vanishes. This 
- domain is determined by the condition logo x>>0, which is to say 

it is the set x>1. But when x =1, the left member vanishes and so 
this value of the unknown is not a solution of the inequality; the in- 
terval x>1 constitutes the solution of the original inequality. 

16. Solve the inequality log, _, («—3) > — 5. 

The domain of the variable here is defined by the conditions x—3> 0, 
2—x>0, 2—x=Al. But the inequalities x—3~>0 and 2—x>0 do not 
have common solutions. Hence, the domain of our inequality does 
not contain a single number and so the inequality does not have a 
solution. 

17, Solve the inequality Vx--2+-Vx—5 >V5 —x. 

The domain of the variable is defined by the inequalities x4-2>0, 
x*—5>0,5—x>0. But this system of inequalities has the sole soli- 
tion x=5. Hence, the domain of the original inequality consists 
of the unique solution x = 5. Therefore, no transformations are needed 
to solve this inequality since it is sufficient to verify that it is satis- 
fied for x= 5. A direct verification shows that x —= 5 is the solution. 

18. Solve the inequality V2x—x?=> x—4, 

The domain of this inequality is the interval —l<x<2. Thus, 
the left member of the original inequality assumes real and nonnega- 
tive values for —l<x< 2. It is meaningless for other values of x. 
But it is obvious that the right member of the inequality is negative for 
all x<4 and, in particular, for all x in the interval —l< x< 2; thus 


the proposed inequality is valid. Hence, the solution of the inequality 
is the interval -l<x<Q, 
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19. Solve the inequality V sinx--2cotx<—I. 

The left member of this inequality is nonnegative for all permissible 
x and, consequently, it cannot be true for any value of x, which means 
there are no solutions. 

The foregoing examples make it clear that we cannot give a general 
recipe of how to employ the notion of the domain of the variable of 
an inequality in various specific cases. In the first two examples we 
simply could not have found the solutions without computing the 
domain, in the third, fourth and fifth we first found the domain and 
this immediately gave us our answer. On the contrary, in the sixth 
example it would have been a complicated job to find the domain; 
what is more, it would have been senseless since there were no solu- 
tions anyway among the permissible values of x. 

For this reason, when solving complicated problems, it is sometimes 
useful to find the domain at the start, but occasionally this is useless 
since later on it turns out to be superfluous for the given case. A general 
piece of advice may be given: if computing the domain is not compli- 
cated, then it is best to do so (since it will never do any harm), but if it 
is a complicated affair, then put off computing the domain until it is 
really needed. 

At examinations one often encounters problems that require ¢rans- 
formations which can result in a loss of solutions or the introduction 
of extraneous solutions. Here again, as in the case of equation sol- 
ving, a principal role is played by the concept of equivalence. In Sec. 1.9 
we examined the equivalence of equations and demonstrated why the 
student has to be sure that the newly derived equations and the origi- 
nal equations are equivalent. All this basically holds true for inequa- 
lities as well, in fact it is still more important than for equations. : 

Indeed, for equations it usually suffices to point out that for a cer- 
tain transformation certain extraneous roots may be introduced and 
then to check the'roots. In the case of inequalities, it is not possible 
to verify solutions by substitution since ordinarily there are an infi- 
nity of solutions. It is therefore necessary to pay special attention 
to the derived and original inequalities being equivalent. 

It is to be noted that the transformations which lead to nonequiva- 
lence of equations (see Sec. 1.9) naturally lead to nonequivalent ine- 
qualities. 

Certain manipulations only extend or restrict the domain of the 
variable of the inequalities. A general procedure can be suggestéd for 
such transformations: manipulations restricting the domain are for- 
bidden since that might result in a loss of solutions; as for manipula- 
tions extending the domain, first carry them out and then choose 
from the solutions of the final inequality those values which enter 
into the domain of the original inequality. These will yield the answer. 

The most common types of transformations that alter domains are 
the “identity transformations”, which have already been mentioned in | 


10Q* 
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Sec. 1.9. Besides these, the solution of inequalities involves other 
transformations as well: clearing of fractions, taking certain functions 
of both members. These include powering, taking logarithms, anti- 
logarithms, and the like. We will now take these up in more detail. 

We start with the most “harmless” one, that of clearing fractions. 
Recall equations. There is no loss of solutions when clearing fractions, 
and extraneous solutions are introduced only due to the extension 
of the domain of the variable, which is to say, via adding to the domain 
of the original equation those values of the unknown which make the 
denominator vanish. 

Many think that the same holds true of inequalities, and so they 
“solve” the inequality 1/x<1 this way: “clearing fractions we get 
1 <x; all these values of x yield the solutions of the original inequality 
since the denominator of the original inequality. does not vanish for 
any value.” 

But it is easy to see that the original inequality holds true for all. 
negative values of x-as well. All these solutions are thus lost by the 
student because clearing of fractions in equations is quite different 
from that operation in inequalities. 

Actually, clearing of fractions in an equation (or inequality) con- 
sists in multiplying both members of the equation (or inequality) by 
the expression in the denominator. In this operation, equations remain 
equivalent if they are multiplied by a nonzero expression, but for 
inequalities this property is more involved: multiplication of both 
members of an inequality by a positive expression does not change the 
sense of the inequality, multiplication by a negative expression re- 
verses the sense of the inequality. 

Therefore, when multiplying both members of the inequality at 
hand by x, one should have taken into account that the x could have 
assumed negative values as well as positive values, and then he should 
have reversed the sense of the inequality in the latter case. 

Thus, in every case when we wish to multiply both membersof an 
inequality by an expression that is dependent on x and assumes both 
positive and negative’ values, the student should examine the two 
appropriate cases. This rule is often forgotten and is the cause of a lot 
of trouble. 

20. Solve the inequality 


(%—2)(x+ 2) > (2x—3))(4x—~ 1) 


The domain of the variable in this inequality consists of all values 
of x except x =— 2 and x =1/4. From now on we will consider only 
those values of x which lie in the domain. At the examination, many 
students cleared fractions and wrote that it can be replaced by the 
following inequality: 


(x2) (4x— 1) > (2x—8) (x +2) (2) 
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This is clearly wrong since the manipulation actually amounts to 
multiplying both members of the original inequality by the expres- 
sion (x-+-2)(4x—1), which may be negative as well as positive. The 
original inequality may be replaced by (2) if and only if the expres- 
sion (x-+2)(4x —1) is positive, and so also we have to consider the case 
when it is negative. Thus, the solution of the original inequality re- 
duces to solving systems of inequalities. 

It is simpler however to do as follows. Transpose all terms of the 
original inequality to the left side and reduce it to a common denomi- 
nator: spoils ai 

XY — OX 
GH Ge)? 

The roots of the quadratic expression x? 5x+-4, i.e. x,=1 and x.= 
== 4, are the solutions of our inequality. 

We will now assume that x44 and x=<1, and we will solve the in- 
equality Pa 

x— 1) (x— 
wr oH >? 7 (3) 

At this point, students often reduce the inequality to two systems 
of inequalities: the numerator and denominator are both greater than . 
zero or are both less than zero. It is simpler however to solve it by the 
method of intervals. 

Multiply both sides of the last inequality by the expression (x-++-2)? x 
x(x—1/4)?, which ispositive for the x under consideration. Then for 
all these values of x our inequality will be equivalent to the following 
one: 

(x-++2) (x—1/4) (x—1) (@—4) > 0 (4) 


This inequality is in a form convenient for application of the method 
of intervals. Fig. 24 shows us that the solutions of the last inequality 


+ + 


Fig. 24 ~2 11 4 

consist of all x in the intervals xc —2, l/4<cx<cl, 4<<x. Since we 
have already found that x=1 and x=4 are solutions to the original 
inequality, we get the answer: : 


x<—2, o<r<l, 4<x 


In the foregoing solution, we replaced the inequality (3) by the 
inequality (4) by multiplying the first one by the square of the deno- 
minator. Similarly, we can assure ourselves that, generally, the in- 
equalities 


P 
jay > 0 and P(x) Q(x) >0 
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are equivalent. Therefore, to solve the inequality 
P (x) 
oO) >0 


where P(x) and Q(x) are polynomials, one applies the method of in- 
tervals to the inequality P (x) Q(x) >0, which need not even be writ- 
ten out explicitly, it being sufficient to locate the roots of the polyno- 
mials P (x) and Q(x) on the number line and affix the appropriate sign 
to each of the resulting intervals. 
21. Solve the inequality 
5x-+-4 
x—~—2 


logi/2 > tan 2 

Noting that tan (52/4)=1 and applying Property VII of logarithms 
(Sec. 1.6), we see that our inequality is equivalent to the double in- 
equality 0< (5x-+-4)/(x—2)< 1/2 or, what is the same thing, to the 
system of inequalities 


Transposing 1/2 to the left member of the second inequality and car- 
rying out the obvious manipulations, we rewrite it in the form [x+- 
-+(10/9)}/(x—2) <0. 

We use the method of intervals to solve each of the inequalities of 
this system and find that the first inequality holds true for x >2 and 
for x<<— 4/5, while the second one is valid for x located in the inter- 
val —10/9<x<2. We now have to find the common part of these 
solutions (their intersection, in the terminology of set theory). This 


“oe 
“ee -— 


Renae - wh oO 2 

“9 5 
is conveniently done on the number line (Fig. 25). Plotting the points 
—10/9, — 4/5 and 2, we denote the-solutions of the first inequality by 
the broken line and the solutions of the second one by the solid line. 
The overlapping (common) portion of these two ranges is readily 
found to be —10/9<x<—4/5. This is the solution of the original 
inequality. 
' 22. Solve the inequality 


(log, 2) (log,,, 2) (log, 4x) > 1 


Using the properties of logarithms, this inequality may be rewrit- 
en 
log, 4x 
log, clog: 2x >l 
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Denoting log, x by y, we rewrite the last inequality as 
2+y 
rary | 
Transposing all terms to the right and reducing to a common denomi- 


nator, we get 
y—2 


y (1+y) 
Factoring the numerator, we locate the roots of the numerator and . 
denominator on the number line (Fig. 26) and then apply the method 
of intervals to get the solution of the inequality: all values of y in the 
intervals —M/2<y<—I and 0<y</V2. 


<0 


+ + 


Fig. 26 eo Ge. oe 


Recalling that y=log,x, we see that the solution of the original 
inequality includes all values of x that satisfy either the inequality 
—V 2<log,x<—I or the inequality O0<log,x<V2. The solution 
of the first inequality consists of the x in the interval 2-”? <x¥<271; 
the solution of the second inequality consists of the values of x lo- 
cated in the interval l<x<Q"?. . 

Now let us consider raising to a power. In the sequel we will frequent- 
ly make use of the following statement. 

Theorem. /f f(x)>=0 and p(x)>0 on some set of values of x, then 
the inequalities f (x) > @ (x) and [f (x)? >[g (x)? are equivalent on that 
sel, 

Proof. Let x) be an arbitrary solution of the first inequality taken 
from the set of values of x under consideration. If @(x.)>>0, then from 
the validity of the inequality f(x.) > (xo) follows, on the basis of the 
theorem on raising numerical inequalities to a power, the validity of 
the inequality [f (x.)l?>[p (%). But if @ (xo) =0, then it is obvious 
that the validity of the inequality f(x.) >0 implies [f(xo)?=>0. This 
proves that every solution of the inequality f(x) > (x) is a solution 
of the inequality [f(x)P> le (%)P. 

The converse is proved in similar fashion: that every solution of the 
inequality [f (x)? =>[@ (x)? is a solution of the inequality f(x) > (x). 

The proof of the theorem is complete. 

Note ‘that in the statement of the theorem the strict inequalities 
f(x) > p(x) and [f (x)? > [ep (x)? may be replaced by the weak inequa- 
lities f(x) > (x) and [f (x)? >I (x). The proof of this fact is car- 
ried out in the same way as the proof of the theorem. 

As shown in Sec. 1.9, when equations are raised to a power, it is 
only possible to introduce extraneous solutions, which may occur due 
to an extension of the domain of the variable or when the signs of the 
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two sides of the equation are disregarded. Similarly, extraneous so- 
lutions can be introduced in the solution of inequalities; they too are 
introduced because of an extension of the domain of the variable and 
also when the signs of the two members of the inequality are disre- 
garded. Below are some examples which illustrate how extraneous 
solutions are introduced in. both cases. 

However, unlike the case of equations, raising an inequality toa po- 
wer can result in the /oss of solutions as well. The reason why students 
make mistakes here is that they remember that raising an equation 
to a power cannot result in the loss of a solution but forget that raising 
an inequality to a power can result in the loss of solutions. We will 
show below how it is possible to lose a solution when raising an ine- 
quality to a power. 

Let us begin with an example that illustrates how extraneous solu- 
tions are introduced due to extension of the domain of the variable when 
raising an inequality to a power. 

23. Solve the inequality V (x—3)Q—x) > V42-+1ox+1. 

Some students gave this solution: “Since the right and left members 
of this inequality are nonnegative (this is because we have principal 
square roots on the right and left), the inequality may be squared to 
obtain the equivalent inequality 5x?--7x-+17>0. The quadratic 
trinomial in the left-hand member of this equation does not have any 
real roots and therefore this inequality holds true for all real values 
of x. It then follows, because the inequalities are equivalent, that the 
original inequality too holds true for all values of x.” This reasoning 
appears to be correct, but there is one serious defect. It is true only 
in the domain of the variable of the original inequality. 

The proper solution is: in the domain of the variable, both members 
of the original inequality are nonnegative; for this reason it is equi- 
valent, in the domain, to the inequality 5x?--7x-+17>>0 and hence 
is true for all values of x in the domain. It is now easy to find the 
domain of the original inequality and thus to obtain the answer: 
2 %*<3. . 

In the problem that follows, extraneous solutions are introduced 
not because of an extension of the domain of the variable but because 
of raising to a power without investigating the signs of both members 

of the inequality. 

24, Solve the inequality x+-1>V x43. 

Here is an instance of reasoning that gives rise to extraneous solu- 
tions: “The domain of the variable of our inequality is «>>— 3. For 
any x in the domain we have a nonnegative number (principal square 

root) on the right; hence, the number on the left is a positive number. 
For this reason, squaring yields the equivalent inequality x?-+-x—2>0, 
the solution of which is x>1 and also x<{—2. Taking into account 
the domain of the original inequality, we get the answer: the solution 
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of the original inequality consists of all values of x>1 and also of 
all values of x located in the interval —3<x<— 2.” 

Actually, all values of x in the interval -3< x<— 2 are not so- 
lutions to the original inequality. The point is that for x in the domain, 
the-right member of the inequality is indeed nonnegative, whereas the 
left member is negative for certain values of x located in the domain 
and is nonnegative for others. It is clear that for those values of x 
in the domain for which the left member is negative, the inequality 
is invalid and so there are no solutions of our inequality among them. 
It is thus necessary to seek solutions of the original inequality among 
those values of x in the domain for which the left-hand member of 
the inequality is nonnegative, which is to say among x2>—l. 

For these x, both members of the inequality are indeed nonnegative, 
and it can be squared to obtain the inequality x*-+-+—2>>0, which 
is equivalent to the original inequality on the setx2—1. It is now 
necessary to choose from among the solutions of the inequality x?+- 
+x —2>>0 those which satisfy the condition x>>—1. They will yield 
the solutions of the original inequality, which are x>1.. 

The mistake that was made in the earlier reasoning was due to the 
fact that the student did not notice the shift in concepts. It is true that 
for any value of x which is a solution of the original inequality there 
is a nonnegative number (principal square root) on the right and a 
positive number on the left. However, it is obvious that not all 
values of x located in the domain will be solutions of the original ine- 
quality, and so the number on the left will not be positive for all x 
of the domain. The student replaced the words “for any x which is a 
solution” by the phrase “for every value of x in the domain.” This was 
his mistake. 

25. Solve the inequality 

Vj 4-Vi-*—-V2—x>0 

Difficulties here spring up when we begin to compute the domain 
of the variable. The domain of this inequality is defined from the 
conditions: 2—x>>0, I—x>0, 42>V1—x. The first two of these 
inequalities are true for x<1. But both sides of the third inequality 
are nonnegative for these values of x, and so it can be squared to get 
an equivalent inequality: x2—15. Thus, the domain of the original 
inequality is —I15<x< 1. We rewrite our inequality thus: 

4—VT—x>V2—x. Within the domain, both members of - 
this inequality are nonnegative, therefore squaring yields an in- 
equality, 2-+-x>>)V1—x, that is equivalent in the domain. For values 
of x<¢-—2 and such that enter into the domain, the left member of 
this inequality is negative, while the right member is nonnegative, 
which means that there are no solutions to the original inequality 
among these values of x. It remains to consider the values of x in 
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the interval —2<x<1.For these x, both members of the inequality 
2+x>V1—x are nonnegative, and so squaring yields the quadratic 
inequality x*-++-5x-+3>0, which is equivalent to the original inequa- 
lity on the set —2<x<1. This latter inequality holds true for x~> 
> (—5+)V 13)/2 and for x<(— 5 —V13)/2. Now to get the answer we 
have to choose from among these solutions those which lie in the in- 
terval —2<x< 1. These consist of all values of x in the interval 
(—5+V 13)/2<x< 1. They are the ones which constitute the answer 
to this problem. 

Note that if we had not taken the domain of the variable into ac- 
count, we would have introduced extraneous solutions, for example, 
all x > 1; and if we had not taken into consideration that.the inequa- 
lity 2+x>V1—x has solutions only for—2<x*< 1, we would also 
have introduced extraneous solutions, for example, all the values of 
x<(—5—V13)/2. 

Let us now examine some problems in which one can lose solutions 
by raising the inequality to a power. 

26. Solve the inequality Vx+2 >x. 

If we square this inequality at once, we will lose solutions even if 
we take into account the domain of the variable. Indeed, the domain 
for this inequality is x>>— 2. Squaring, we get the inequality x+2—> 
>x*, whose solution will consist of all the values of x in the interval 
—l<x<2. All these values of x enter into the domain, and so some 
students wrote that these values constitute the answer to the problem. 
Actually, in thus reasoning they lost the solutions —2<x<—1, 
because it is easy to see that for any number in this interval the left 
member of the inequality is nonnegative, while the right member jis 
negative. 

So as not to lose solutions, the student must keep careful watch of 
the signs of the left and right members. The proper solution of this 
inequality is as follows. 2 

The domain of the variable in this inequality consists of all «>> — 2, 
The left member of the given inequality is nonnegative in the domain, 
while the right member may be positive or negative. Clearly, the ori- 
ginal inequality will be true for all those values of x in the domain for 
which the right member is negative. Hence, all the values of x in the 
interval 0>x2>— 2 are solutions of the original inequality. 

Now let us consider the remaining values of x, that is, x0. Both 
members of the original inequality are nonnegative for all these x, 
and so the inequality can be squared to obtain x-++-2 > x?, which is an 
equivalent inequality for all x>0. 

The solution of the last inequality consists of all x in the interval 
—l1<x<2. In this case, the solution of the original inequality con- 
"sists of all values of x in the intervalO<x<2. | 
Combining these two cases, we find that the solution to t he original 


fe 
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inequality will consist of all values of x lying in the interval —2< 
<Sx<2. 

In the next problem, it will be possible to lose solutions if one fails 
to take into account the signs of the right and left members of an in- 
termediate inequality. 

27. Solve the inequality 

Ve E8x+2 << 14+VRP—x+1 


The domain of the variable here consists of two intervals: x< — 2 
and x>>—1. In the domain, both members of our inequality. are non- 
negative and so squaring yields the equivalent (in the domain) in- 
equality 2n<V x—x-+1. 

(a) For x<—2 and —1<x<0, this inequality is true since for 
each of these values of x there is a negative number on the left and a 
positive number on the right. Thus, all these values of x are solutions 
to the original inequality. 

(b) For x>>0, both members of the inequality 2n<Vx—x+]I are 
nonnegative and so squaring yields the equivalent (for these x) in- 
equality 3x?-+-x—1<0. The solution of this inequality consists of 
values of x in the interval (—I— V 13)/6<x< (—1+)V13)/6. 

Taking Condition (b) into account, we find that in the iatter case 
the solution of the original inequality will consist of all values of x 


in the interval O<x<(—1+V 13)/6. 
Combining both cases we get the answer: x< —2 and also —l< 


<x <(1+-/13)/6. 

It will be noted that those students who did not consider the cases 
(a) and (b) and squared the inequality 2°< V *—x-+1 from the start 
naturally lost some of the solutions. Most likely what happened was 
‘that since at the beginning of the solution of the inequality the signs 
of the left and right members had already been investigated, there 
was a kind of loss of “vigilance” in the second squaring. 

28. Solve the inequality 

14-3 tan x 


V3-+ 2 tan x—tan? x > 


Denoting tanx by y, rewrite the inequality as 
| 2V3+2y—y > 1+3y (5) 
The domain. of the variable in (5) is the interval —l<y<3. Our 
inequality is obvious ‘for those values of y in the domain for which 
1+3y<0; that is, all values of y in the interval -l<y<—1/3 are 


solutions of inequality (5). 
It remains to consider Case (b): —1/3<y<3. Here both members 


of (5) are nonnegative and so squaring in the case at hand yields the 
equivalent inequality 13y?—2y—11<0. 
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The solution of the last inequality consists of all values of y in the 
interval —11/I83<y<1. Taking into consideration Condition (b), 
we find that in this case the solution of inequality (5) consists of al] 
values of y in the interval —1/3<y<l. 

Combining both cases we find the solution to inequality (5) to be 
all values of y in the interval —l<y<1, 

Returning to x, we find the solution of the original inequality to be 
all x satisfying the inequality —1< tanx< 1. We solve this elemen- 
tary trigonometric inequality to get the answer: 


phn Chan, where k=0, +1, +2, ... 


Ordinarily, faking antilogarithms of inequalities is only employed 
in the solution of inequalities involving the unknown under the loga- 
rithmic sign. We have already considered the solution of elementary 
logarithmic inequalities and have seen that they are very simply solved 
by taking advantage of Properties VII and VIII of logarithms (Sec. 1.6). 
The more complicated logarithmic inequalities should therefore also 
be solved on the basis of these properties. This will help the ‘student 
to avoid many mistakes, 

One more remark is in order: despite the fact that taking antilogs 
is always involved in the solution of logarithmic inequalities (either 
with regard for the domain of definition of the logarithmic function or 
by Properties VII and VIII), that term is not always used and we 
find phrases like this: “on the basis of the properties of logarithms (or 
the logarithmic function) we have...”. 

Taking antilogarithms is investigated in the next few problems. 


29. Solve the inequality 
od (=) >] 


loges 14 
16 : 


The natural thing to do is to take antilogarithms. Since the loga- 
rithmic base contains x and since the properties of a logarithmic func- 
tion differ according as the base is greater than or less than unity, we 
cannot take antilogs straight off and will have to consider two cases, 

a ¥2 

(a) Let = > 1, that is, x?<9. In this case the given inequality 

is equivalent to 


24—2x— x2 25— x? 


14 16 


This inequality may be rewritten as x?-+- 16x —17<0. The solution of 
this inequality consists of all values of x in the interval —I7<x<] : 
~ but the condition of this case (that is, —83<x<38) is only satisfied 
by those x located in the interval —3<x<1. All these values of x 
constitute the solution of the original inequality in the case at hand. 
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(b) Now let 0<(25—x*)/16<1. Here, the original inequality is 
equivalent to the double inequality 


24—2e — x2 25 —x? 
0 = 14 < 16 


Thus, in this case we have to solve the following system of double 


inequalities: 
24—22x—x? | 25—x2 
0< 14 < 16 
_ The first one is readily reduced to 9< x?< 25 and its solution con- 
sists of two intervals: —5<x< — 3 and 3<.x*<5. The second double 
inequality is equivalent to the system of inequalities 


x? -+- 2x—24 <0 
8+ 16x—17>0 . 
The first inequality of this system has the solution —6<x*«<4, the 


solution of the second one consists of two infinite intervals x> 1] 
and x<<—17, so the solution of the latter system is the interval 1< 


<V<4, 
We now have to choose from these values of x those which satisfy 
the first double inequality; they are the values of x in the interval 


8<mx<4, 
Thus, combining the two cases, we have the solution of the original 


inequality, which consists of two intervals: —-3<*<1 and 38<x<4, 
30. Solve the inequality 
logs cosx 1+ 2 cos 2x < | 
Vs 


Denoting cos x by y and taking advantage of the formula for the co- 
sine of a double angle, we rewrite the inequality as 


los yy-V 4 —1 <1 (6) 


The domain of this inequality is defined by the conditions y?> 1/4, 
3/ 1/2 and 4 3/2. 

ane generis base nay ae than I or less than 1 for 

various values of y, we consider two cases: 

(a) Let 1/2<y< 3/2. Then the base is less than I and we obtain 
the equivalent inequality V 41> 2W/V3 or, since both members 
are positive, 4y°— 1 > 4y?/3. This inequality is true for y*? > 3/8, or 
y>V)V 6/4. Taking into account the condition of the case at hand, we 
find the solution of inequality (6) to be the interval /6/4<y<V 3/2. 
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(b) Let y>V 3/2. Then we get the equivalent inequality /42=—1< 
<2y/V3 whence, after squaring, follows y’< 3/8. But under the con- 
dition of our case y? > 3/4, that is, we do not obtain any new solutions 
to inequality (6). 

It thus remains to solve the elementary trigonometric inequality 


V 6/4<cos x< 3/2, which is satisfied for all values of x in the in: 
tervals 
V6 


— arceos —~ ++ 2k <x < ae 2kx, 


= + 2kn <x < arccos ve + 2kr 
where k is any integer (Fig. 27). 

With respect to faking logarithms of inequalities, it is easy to see 
in which cases this. operation leads to an equivalent inequality. Howe- 
ver, it is well to bear in mind that unwise logarithm-taking of inequal- 
ities can result in a restriction of the domain of the variable and a loss 


Fig, 27 


‘Y= COsKx 


of solutions. Therefore, prior to taking logarithms always check to see 
that both members of the inequality are positive. Only then (and na- 
-turally with regard for the base of the logarithm) are we able to gene- 
rate an equivalent inequality. ; 

Earlier (see Problem 1) we solved the elementary inequality (1/3)7¥< 
<2, using the properties of the exponential function. Let us now solve 
this inequality by taking logarithms. Since both members of the ine- 
quality (1/3)*<2 are positive, we can take advantage of Property 
VIII of logarithms (Sec. 1.6) and take logarithms of the inequality 
to the base 1/3 to get log,/s(1/3)* > logy/, 2 (note that the sense of the 
inequality has been reversed!), whence x> log/, 2. 

Thus, the solution set of the inequality is the set X> logy/s 2. 

Note that all the elementary exponential inequalities discussed 
above could have been solved via logarithms. 

. Let us solve a few problems by taking logarithms. 

31. Solve the inequality 
; ug log v3? ~-log 5 
x?.7 7 <5 Vx 


The domain of the variable here consists of all x>0, except x= 1, 


Since 7108,1/, 5= 53 and logy/.5 = — log,5, our inequality may be 
rewritten in the form 


X4.58 < Hlogas 
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Both members are positive within the domain of the variable and 
so we can take logarithms of both sides of the inequality to the base 5 
(greater than unity) and obtain the equivalent (in the domain) inequa- 
lity 4log,x-+3<log,5. Denoting log,x« by y and transposing all 
terms to the left-hand side, we rewrite the inequality thus: 4y+-3— 
—I/y<0 or, reducing to a common denominator, thus: (y + I)(y— 


—— 1/4)/y<0. 
Now we apply the method of intervals and find the solution to be 


y<—1 and y in the interval O<y< 1/4. 

Now reverting to x, we see that the original inequality is true for 
those values of x for which log, x<< —1 and also for those x for which 
O<log, x< 1/4. Solving these elementary logarithmic inequalities, . 
we get the answer: O0<x< 1/5, l<x<p/5. 

32, Solve the inequality 

(@+etle <i 

For arbitrary real x, the quadratic expression x?-- x +1 is positive 

- and therefore the domain of the variable consists of all real values 


of x. 

Since both sides of the original inequality are positive for all x, 
we take logs to the base 10 to get the equivalent inequality 
x logy (x? -- x-+ 1) <0. This inequality holds true in two cases: when 


x satisfies the system of inequalities 
x>0 
logis (P-+%-+1) <0 
and when x satisfies the system of inequalities 
x<0 
logy, (2+ x+1) >0 
Let us solve the first system of inequalities. From the properties of 
logarithms we find that it is equivalent to the system 
x>0 
eotxti<l 
Since the solution of the second inequality of the system is—I<x<0 


and the solution of the first is x>>0, this system is inconsistent, 
which means that in this case the original inequality does not have a 


solution. 
The second system is equivalent to 


x<0 

v+txtl>t 
The solution set of this system consists of all x<—1, whence the so- 
lution of the original inequality is the set of all values of x<-~—I. 
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A different solution of this inequality may be suggested. Since the 
properties of a power depend on whether the base is greater or less 
than unity, it is natural to consider two cases. , 

(a) Suppose that x?+ x-+1<1, or ~—1<(x<0. For all these values 
of x, the quadratic x?-+x--1 is raised to a negative power x. And 
since for all these values of x the trinomial x?+-x + 1<1, it follows 
that for them (x?-+ x-+1)* >1, which contradicts the condition, 
Hence, these values of « cannot be solutions of our inequality. 

(b) Suppose that x?-++-x-+ 1>>1. This is clearly valid for x>>0 and 
for x<<—1. Therefore we have to consider two cases here. 

Let x>0. Then x?-+ x + 1>>1 and after raising the expression to a 
positive power x the sense of the inequality remains unchanged, which 
means that for these x we have (x?-+- x -+ 1)*>>1. Hence, neither can 
these values of x be solutions of our inequality. 

-Let x<c—l. Then x-++x+1>1. If the quadratic expression 
x2-+x-+1 is now raised to a negative power x, the result will be less 
than unity, which means that for all x << —1 we have (x?-+- x-++ 1)}*< 1. 

Thus, the solution set of the original inequality consists of all va- 
lues of x<c—l. 

We have been making considerable use of the concept of domain 
of the variable of our inequalities. However, with the exception of 
just a few very elementary cases, we did not stress whether this has 
been helpful or not in solving inequalities. We will therefore consider 
two examples involving inequalities to see whether it is necessary to 
compute the domain of the variable beforehand. 

In the next problem, the-solution will be appreciably simplified if 
the domain of the variable is found beforehand. 

33. Solve the inequality 


4x—5 1 

loge (E55) =e 
The domain of x here is defined from the conditions (4% — 5)/|x —2|> 
>0, x*>0,x?541, whence x > 5/4 and x542. But for all these values 


of x we have x?>1 and so our inequality, by the property of loga- 


rithms to a base exceeding unity, is equivalent (within the domain 
of x) to 


Since x42, the expression |x —2| is positive and therefore the origi- 
nal inequality is equivalent, within the domain of x, to 


4x—5 > x|x—2| 
We now consider two cases. 
(a) Let x>>2. Then our inequality will be rewritten as 4x—5> 


> x°—2x or x°—6x+5<0. The solution set of the last inequality 
consists of all x in the interval !<.x<5, and the solution set of the 
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original inequality in this case consists of all values of x in the interval 
Qax<5. 

(b) Now let 5/4<x%<2. Then our inequality takes the form 4x— 
—5i>— x?+ 2x or x?-++ 2x—52>0. Its solution set will consist of 
all values of x in the intervals x>V6—1 and x<—/6—1. The 
solution set of the original inequality will in this case consist of all 
values of x in the interval V6—1<x<2. . 

Combining both cases, we find the solution of the original inequa- 
lity to consist of all values of x in the intervals /6—1<x<2 and 
Q<ox<5. ; 

In the next problem, it is not advisable to establish the domain of 
the variable beforehand since it does not simplify the solution and is 
a rather complicated matter. 

34. Solve the inequality 


log, 2x <V log, (2x°) 


Without finding the domain of x, we note only that in the domain, 


x->>0 and x1. 
Denote log, 2 by y and rewrite the inequality as 


y+1<Vy+3 (7) 


Here the domain of y consists of all y2>— 3. But the inequality is 
obvious for y in the interval — 3< y<—1, which means that all these 
values of y constitute the solution. 

Now let y>=—1. Tien both members of (7) are nonnegative; this 
inequality may be squared to obtain the equivalent (for y=>—1) 
inequality (y+ 1)?<y +8, whose solution consists of all y in the 
interval —2<y<1. In this case, the solution of (7) consists of all 
values of y in the interval -—Il<y<l. 

Combining both cases we see that inequality (7) is satisfied for 
—3<y<l. 

Now returning to x we find that the original inequality will have 
solutions for all x that satisfy the double inequality —3< log, 2<1. 

This inequality may be solved in two ways. 

First solution. Since the properties of logarithms differ for bases 
greater than or less than unity, we consider two cases: x> 1 and 0< 


<x<il. 

(a) Let'x>>1. Then log, 2>0, and all the more so log, 222—3. 
It remains to solve the inequality log, 2<1, whence 2< x. Thus, here 
the solution set of the original inequality consists of all values of x > 2. 

(b) Let O<x<1. Then log, 2<0 and all the more so loge 2<1. 
It remains to solve the inequality —3<log,2, whence x~* >2, or 
x<27'%s, Thus in this case the solution set of the original inequality 


consists of all x in the interval O<x< / 1/2. 


It --3480 
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Combining both cases we have the solution of the original inequa- 
lity: O0<x<j/1/2 and x>2. 

Second solution. Since log, 2= 1/log,x, then, by denoting log, x 
by z, we get the system of inequalities ; 


Solving each of these inequalities by the method of intervals, we 
find that the system will hold true for z>1 and also for z<—1/3. 

To get the answer we have to solve the elementary logarithmic 
inequalities log,x>1 and log,x<—1/3, whence we obtain x>>2 
and 0<x<j/1/2. 

We conclude this section with a problem containing two danger 
spots at once: the introduction and loss of solutions. 

85. Solve the inequality — 

VFsin?x—T logsine => > 0 

At the very start, many students made the mistake of discarding 
the first factor. Their reasoning probably went like ‘this: since 
V 4sin?x—1>0, it is necessary for the second factor to be nonnega- 
tive as well. This argument contains two mistakes at once: firstly, the 
domain of the variable is extended when the radical is discarded; 
secondly, when the first factor is zero, the inequality is valid even when 
the second factor is negative. The first mistake introduces extraneous 
solutions, the second mistake results in a loss of solutions. 

A proper solution must take into account both of these items and 
can be carried out as follows. The given inequality is valid in two cases: 
when the second factor is greater than or equal to zero and when the 
first factor is zero. Then, we naturally have to take only those solu- 
tions of the resulting inequality and equation which enter into the 
domain of the variable of the. original inequality. 

This domain is defined by the system of inequalities 


4sin’x—1>0, 0<sinx <1, $5 >0 


From the first two inequalities it follows that 1/2<sinx<1; the 
third is satisfied for x< 1/2 and x>5, 

Let us begin with the inequality log gin ,{(x-~5)/(2x—1)]>>0. 
Since'sin x< 1, it follows that the inequality is equivalent, in the do- 
main, to the inequality (x—-5)/(2x—1)< 1, the solutions of which 
are x< —4 and x > 1/2. Of these values of x, only x<—4 and x>5 


lie in the domain of.x, It remains to take into account ‘the inequality 
V/2<sin «<1. 
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The graph shown in Fig. 28 makes it evident that the solution of - 
this double inequality consists of the intervals 


Sonn x< E+ 2m, n=0, £1, £2... 
with the points x= 1/2 + 2nn eliminated. Since we only need «<< — 4 


and x>5, it follows (this too is found from the graph) that the values 
n=0 and n=—1 do not satisfy us, and there remains a portion of the 


Fig. 28 
-te Lat 
6 66 66 66 
interval corresponding to n= —I: —(Iin/6<x<—~—4 without += 


= — 3n/2. 
We now consider the equation 4 sin?x—1=0, from which, taking 


into account that sin x>>0 in the domain, we get sin x = 1/2. However, 
we have just solved an inequality which is clearly satisfied by the so- 
lutions of the equation sin x = 1/2. Therefore all the solutions of the 
equation at hand have been obtained and there would be no reason to 
include them if (and this is yet another underwater reef of the given 
problem) the solutions of the double inequality 1/2<sin x< 1 had 
not partially been discarded because of the conditions x<— 4 and 
x->5. In this operation, the values — 71/6, «/6 and 52/6 were elimina- 
ted; the latter two do not enter into the domain of the original inequa- 
lity, and the first one, that is, x= — 7x/6, is to be adjoined to the in- 


tervals obtained above. 
We thus get the answer: 


2p onn << + Onin, XE T/2 + 2nn 


where n is any integer except 0 and 1, — lin/6<x<—4 and also 
x=—7n/6. 


Exercises 
Solve the following inequalities. 


1. log, 25 >i. 


2. logos (x*-+ 1) < logo1 (2 —5). 
1 \* n\-* 
3. (tan 3) — (tan #) <3. 


1+ log’ x 0 
4, Foleo <a. 
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wou OM 


* xt—4x% +43 


. tan 


i tan-> > 

LAR c Oxtt 43, 
— LS 

. Vian f 54x. 


. logs 


Ch. | Arithmetic and algebra 


. cos? x(tanx-+1)> 1. 
+ (1.25)! — (logs x)? < (0.64)"* *8vz* 


5\ 2 
. (log, 2 (logs 7) — 20 logy x 148 < 0. 


4 
1 logslogiss (w-4) 


zr <1, 


. log, (2%—1)- log, 7 (2¥+1— 2) > —2, 

. 1-//1—8 (log, ,, xr 3 logy 74 x. 
Ame tly yi gV® <0yt.gY ¥4 ov 6, 
is log,2 (2+x) <1. 


- 4 ogy, cos 2x-+-2 log, sin x-++ log, cosxt+3<0 (0 <x < 0/4). 
. |x |Pnr-2 <1, 


. logy,3Ve4F1 < log yj, V4—# +1. 
[? (sin x-- cos x)— y2|" 1 


2Y 2—sinx—cosx 
2 


~x+4 << —-—— 


x+1° 


2 
x?—2x-+-3 Sag. 


Sl. 


1 
1+ 


oe 
: S sin? t+7 sin? 2x > cos 2x. 


4 


cost x < = 
; a: 


x . sinx—2cosx 


sin x-+ 2 cos x (O<x< a). 


1 1 


a So, 
log, * “log, Vx-+2 


4x-+5 
108s a ama 


; (log, 4. 6)2): loge (x?—x—2) > 1, 


[x2—4x|+3_. 
re ca 


. 3 sin 2x > sinx-+-cos x-+-1. 
+ logyg(¥-+ 1) > log, (2—x), 


V3=¥-VEFI> 5. 


33. 
34, 
35. 


36. 


37. 
38. 


39, 


40, 


41. 


42, 
43. 


44. 


45, 


46. 
47. 


48. 
49. 


50. 
51. 


82. 
; 24—2x— x <1. 
x 
. x2 [3x+2| +450. 
. 25% — 92logs 6-1 © 10.5%-1, 
Ve pare < VIF. 
. log, sin x | (0° —8%-+ 23) > fog [sin x] . 
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3—2x 
logy f= <i. 


Pr EES Ts . Ila 
log, 3 V x8— 2x > sin = 


logy (V 25—x? — 1) logs (|x |-+ 1). 
Vx—5—V9—x21. 


x 
logy at =Ta46 (5) ii 
2 cos 2x-}+-sin 2x > tanx. 
[gee mx __gl~tanxx| > 9. 


(logsin x2)? < loRsin » (4 sin? x). 


logy (2x? + x-+ 1) — logs (2x— 1!) <-—tan be . 


l ; 4 
logor41 2 oy log sin (0/3) 3° 


xi— 4 . 
V tanx—I [logyan ¢ (2-+4 cos? x)—2] S 0. 
log(sx2+1) 2 < 1/2. 
x! B10 sin *>1 (x > 0). 
logs g (2x2 — x—3/8) => 1. 
9 x+V xe+1820. 
108 sin x—cos x (Sin x5 cos x) = 1. 
cot (5-+3x)-(cot 5+ cot 3x) => V cot 3x —1, 


log, x4 


. logy je 8+ log.,4 8< fog, 8 —4" 
. 2tan 2x <3 tan x. 
. V5—2sinx > 6sinx—l, 
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1.11 Systems of equations 


In the solution of systems of equations, as in the solution of single 
equations, equivalence and the associated notions discussed in detail 
in Sec. 1.9 play an important role. Sec. 1.9 however discusses only such 
questions as apply to single equations. The point is that despite the 
total logical similarity of theoretical reasoning pertaining to the 
equivalence of equations and the equivalence of systems of equations, 
practical application in the case of systems (simultaneous equations) 
involves much greater difficulties than in the case of single equa- 
tions, For this reason, we will not, as arule, make use of this con- 
cept. 

The special difficulties that occur when solving systems of equations 
are of course connected solely with the transformations of the system 
which, involve several equations (in everything that pertains to a 
single equation, we can of course make full use of the notions and re- 
commendations given in Sec. 1.9). There are many such manipulations, 
as every student knows. It is easy to recall the great variety of ingeni- 
ous devices that one often has to employ in the solving of systems of 
equations. : int 

For this reason, in solving systems of equations the student ordina- 
rily applies one of the two approaches indicated in Sec. 1.9: the deriving 
of consequences that are not necessarily equivalent to the given system, and 
the subsequent discarding of extraneous roots. In this procedure we do 
not even pass to systems which are consequences of the original sys- 
tem, but to separate equations, each one of which is a consequence of 
the original system, that is, such as is satisfied by any solution of the 
system. By combining these equations, we obtain systems that are 
consequences of the original system, and finally we get certain sets 
of unknowns. Then by means of a check (direct substitution, as a rule), 
we discard any extraneous solutions. 

To do all this, it is of course necessary to be able to avoid transfor- 
mations that would lead to a loss of solutions (such as, say, the division 
of both members of an equation by both members of another equation), 
for it is clear that in the process the solutions of the system for which 
both sides of the second equation vanish will be lost. On the other 
hand, most of the frequently employed transformations such as addi- 
tion, subtraction, multiplication of the equations, substitution of the 
unknown of one equation into another one, and the like, cannot result 
in a loss of any solutions and are therefore permissible. Ordinarily 
one has to examine each case as to whether or not a more or less in- - 
volved transformation can result in a loss of solutions. 

Direct verification of the final solutions can undoubtedly present 
considerable difficulties in certain cases. To avoid them, one can, as 
a rule, take advantage of the suggestions given for the solution of single 
equations. The following problem will illustrate this point. 
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1. Find all complex solutions of the system 


ee ey 
Fe (1) 
i-e* 


It will be noticed that by inverting the fraction in the left members 
of the two equations and by replacing the right members by 1/y and 
1/x respectively, we obtain a simple system in u=1/x and v= l/y: 


w2.i 

sty? | 
Bile (2) 
22> 


But is such inverting of the equation permissible? How do the solu- 
tions fare in that case? It is easy to see that this manipulation does not 
introduce any extraneous solutions, but it can result in a loss of solu- 
tions. Solutions in which both members of the equation are zero will 
be lost. Thus, in order to avoid any loss of solutions, this possibility 
must be investigated prior to passing to system (2). 

The left member of the first equation vanishes when x = 0, and the 
right member vanishes when y = 0. Hence, the only solution that can 
be lost (and indeed is.lost) isx=0, y= 0. Therefore, having found the 
solution x=0, y=0, we can find the remaining solutions from sy- 
stem (2). 

Subtracting the second equation of (2) from the: first, we get the 
equation u2—v? = 2(0—4), whence either u—v=0 or u--0=— 2. 

In the first case, substituting v =u into the first equation of system 
(2), we get u= 1. Direct substitution convinces us that the pair w= 1, 
v,==1 satisfies the second equation as well, and, hence, system (2). 

In the second case, substituting v= —u —2 into the first equation, 
we get w?-+2u-+5=0, whence 4,,,.= —1 +2: and v,,,=—Il -2i. 
Direct substitution of the values u,,, and v,,, into the second equation 
results in two equations: 


(12-4 12-44%, (1429) 1 2A 


Their proof only requires removing the brackets. 
Thus, the system of equations (2) has the solution set 
i= 1, “1= 1, u,=—1 + 2i, v, = —1—2i, 
5 u,=—1—2i, v,= —1+2i 
Recalling that x= 1/u and y= 1/v, we obtain the solution set of the 
original system of equations (1): 


1 
x= 1, w=, ens Pa ae *, 


1 I 
%=—Tpa 9s “Spe 
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Aside from these solutions we must not forget the earlier found solu- 
tion, x= 0, Y,=0.* : 

We now take up the question of investigating a system of two linear 
equations in two unknowns. Such systems confront the student with 
serious logical difficulties. And as usual the first stumbling block is 
the definitions. What is a system of two linear equations in two unknowns? 
What is the solution set of such a system? In what case is such a system 
termed determinate ( indeterminate, consistent, inconsistent)? For many, 
these questions are insurmountable. Very often the student gives a 
correct general definition but gets entangled as soon as he is asked to 


state whether, say, the following systems are systems of linear equations 
in two unknowns: 


X+y=1 2x—y=1 x=0 O-x-+0-y=0 
X+y=1 Ww—y=2 y=] 0-x+0-y=0 


All these systems fit the general definition. The difficulty stems from 
the fact that they are “too simple”. It is immediately evident that the 
first system is indeterminate, the second is inconsistent, the third cle- 
arly has the unique solution x = 0, y= 1, and the solution set of the 
fourth system of equations consists of any pair of numbers x, y. 

In studying this topic, it is often necessary first of all to realize 
under what restrictions on the coefficients can a system of two linear 
equations in two unknowns be investigated. And most important, 


pay special attention to the fact that after the manipulations performed 
on the original system, say, 


UX + by =c, 
— aX+by =e, 
we obtain a system like - 


(a,6,—a,b,) x = ¢,b,—¢,b, (= A,) 
(a,6.—a,b,) y =a,c,—a,¢, (=A,) (3) 


’ which is a consequence of the original system but in the general case 
‘is not necessarily an equivalent system, so that in passing to it we do 
not lose any solutions but we may introduce some extraneous solutions. 

If A=ayb.—a,b,=40, then’ this system is clearly determinate, 
‘that is, it has the unique solution x=A,/A, y=A,/A. Direct sub- 
stitution (verification) makes it clear that this solution is the solution 
of the original system as well. 

If A=0 but A,=40 or A.«0, then this system is inconsistent, 
which means it has no solutions, Hence, the original system of equa- 
tions does not have any solutions, 

* It is advisable to reduc 


e to real-imaginary form the complex numbers x, yo, x 
and ys: x= (1+-2i)/3, etc, a1 Yo, X3 
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Finally, if A=0 and A,=0, then in this case A,=0 as well so 
that system (1) is of the form 
0-x=0 
0-y=0 


Consequently, the solution set of (1) is obviously any pair of numbers 
x, y. But this does not yet mean that the original system of equations 
is satisfied by any pair of numbers because we might introduce extra- 
neous solutions. That actually is the case: when A=A,=A,.= 0, 
it can readily be shown that the following equation holds true for the 


original system: 


Consequently, the first and second equations of the original system dif- 
fer solely in the coefficient; for this reason the original system is 
equivalent to a single equation. But then it is evident that it is inde- 
terminate, that is, it has an infinity of solutions: by taking arbitrary - 
values of one unknown, we can use the equation to obtain correspond- 
ing values of the other unknown. 

An investigation of this kind is not always sufficient. We now give 
the necessary definitions and will consider a complete investigation of 
a system of two linear equations in two unknowns with arbitrary 
coefficients. , 

Definition 1. A system of two linear equations in two unknowns is a 
system of two equations of the form 

. ax+by=c, — 
a,x + b,y = c, (4) 
where a;, dz, b1, b2, Cy, C2 are arbitrary real numbers.” 

Definition 2. The solution set of the system is a pair of real numbers 
(or complex numbers, if the coefficients are complex) Xo, yo which satisfy 
each of the equations of the system. 

In other words, the solution is a collection of two numbers xo, Yo 
such that substitution into the original system (4) of xo in place of the 
unknown x and of yp in place of the unknown y results in two true nu- 
merical equations: 

: AX + OyYy = C4 
AyXy + Day = Co 

It is thus necessary to distinguish two meanings with which we in- 
vest the words solution of a system (of equations): the solution of a sys- 
tem is to be understood as the process of seeking the values of the un- 
knowns and also any collection of values of the unknowns which 


* There is nothing to prevent considering linear systems with complex coeffici- 
ents. All subsequent investigation (except the geometric interpretation) remains 
valid in this more general case as well, 
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transform the equations of the system into true numerical equations. 
To solve a system of equations means to find all the solutions (the solution 
set).* 

Only a misunderstanding of the term “solution of a system” can ac- 
count for the nonsense that is sometimes heard at examinations that 
goes like this: “The system 


Qx-+ 3y= 13 . 


has two solutions: x= 2 and y = 3.” It is precisely the collection (set) 
of these two numbers x = 2 and y= 3 that constitutes the solution of 
the system (the solution set). These values of the unknowns are some- 
times called the “roots of system (5)”, which is wrong too because the 
term “root” is only applicable to a single equation in one unknown 
and is not used in the study of systems of equations. Finally, it is not 
proper to say that the “numbers 2 and 3 constitute the solution of sys- 
tem (5)” since the solution set consists of a pairof values of the un- 
knowns and it is essential to point out which unknown (x or y) is 
equal to 2 and which is equal to 3 (the solution set is in the form of an 
ordered pair). The correct answer to the problem of seeking the solu- 
tions to system (5) should read thus: “System (5) has the unique solu- 
tion x = 2, y= 3” or “the solution set of system (5) is the ordered pair 
x=2, y= 3.” 

Definition 3. A system of equations is termed: 

consistent if it has at least one solution; 

inconsistent if it does not have any solutions; 

determinate if it has a unique solution; 

indeterminate if it has more than one solution. 

In other words, systems of equations may be consistent and inconsi- 
stent; consistent systems in turn break down into determinate systems 
and indeterminate systems. Illustrative examples of each type follow. 

The system 

0 XxX + 0 Y= | 
. X-+y==2 
is inconsistent because for no values of x and y can the first equation 


% 


become a true numerical equation. The system 


2x —yo= l 

2x—y=2 
is inconsistent; although there are ordered pairs of numbers (say x = 0, 
y= —l, etc.) which convert the first equation into a true numerical 


equation and also number pairs (say x= 1, y=0, etc.) which convert 


* We stress the fact that Definition 2 holds for arbitrary systems of equations. 
The remarks made here with respect to solutions of systems of equations apply to 
the solution of any system of equations. . 


1.11 Systems of equations . 171° 


the second equation into a true numerical equation, there is not a 
single pair which simultaneously makes both equations true numerical 


equations. The system 


x=0 ,, *¥+0-y=0 
oe x¥+0-y=2 
is likewise inconsistent. : 
The system 
x=0 or x+0-y=0 
y=! O-x+y=1 


is consistent; more precisely, it is determinate, since there is only one 
pair, x =0, y= 1, that makes each one of the equations a true numeri- 


cal equation. The system 


2x -+ 3y = 13 
—x+y=1 


is consistent since it has the solution set x = 2, y = 3;. more precisely, 
it is determinate (this requires supplementary substantiation that is 
not obvious). 

The system 


x+y=1 
x+y=1 


is consistent because it has, for example, the solution x;=0, y,=1, 
and, moreover, it is indeterminate, since, for example, it has x,= 1, 
y2=0 as another solution. , 

The system 


is also indeterminate since any number pair x, y converts both equa- 
tions into true numerical equations. 

Now let us investigate system (4). To investigate a linear system means 
to decide whether it is inconsistent, determinate or indeterminate. In the 
two latter instances, it is necessary to find the solutions. We now prove a 
theorem which amounts to an investigation of systems of two linear 
equations in two unknowns. We state the theorem rather unusually in 


the form of a diagram. 
Theorem. Given a system (4). We introduce the following notation: 


A=a,b,—a,b,, A,=0,b,—¢,b,, A,=a,C,—4a,C, 
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Then 


Ja=o] 7, [a=aymo| ae ee, 
no | no | 


no | 


determinate inconsistent indeterminate 
(point) (straight line) 


ee arene yes indeterminate 
== 0 _—_ (plane) 
no | 


inconsistent 


This diagram is to be understood as follows. We start with the 
first question: Does the condition A=0 hold true? If it does not, 
the appropriate arrow indicates that the system is determinate. If 
it does, a different arrow states the next question: Does the condition 
A,=A,=0 hold? If it does not, the appropriate arrow shows that the 
system is inconsistent. If it does, a different arrow poses the next qu- 
estion; and so forth. The words “straight line” and “plane” ‘in parenthe- 
ses will be explained later on. 

This diagrammatic statement of the theorem is more pictorial than 
the customary verbal formulation which follows. 

If A=40, then the system is determinate and it has the solution x= 
=A,J/A, y=A,/A. If A=0, but at least one of the numbers A,, 
A, is nonzero, then the system is inconsistent. If A=0 and Ay=A,=0 
but at least one of the numbers a, by, az, b, is nonzero, then the system is 
indeterminate. If A=A,=A,=0 and all numbers ay, 61, az, b, 
are zero,* but at least one of the numbers cy, c, is nonzero, then the system 
is inconsistent. Finally, if all coefficients of the system are zero, the system 
is indeterminate. ; 

The awkwardness of this verbal formulation is obvious. 

Proof. Consider system (4). Multiplying the first equation of the 
system by b, and subtracting 6, times the second equation from the 
result yields 


yes 
—— ee 


(a,b, — 4,0.) x =c,b,—c,b, 
Similarly, multiplying the second equation by a, and subtracting 
a, times the first equation from the result yields 
(a,b, —a,b,) y =a,c,—4a,¢, 


Thus, we find that system (3) must hold. This system can be rewrit- 
ten as 


A-x=A, ; 
Ay=A, | (6) 


* It is easy to see that the condition a==b,=a,=b, implies A= A,=A,=0, 
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System (6) is a consequence of the original system (4), which means 
that every solution of (4) is a solution of (6). We do not however assert 
that these systems are equivalent. 

Suppose that A=40. Then (6) has the unique solution = Ss, 


y --42 Direct substitution (verification) is still required to be assured 


A 
that this number pair x, y is also the solution of the original system 


(4). Thus, in the case at hand, the original system of equations has a 
unique solution. This proves the first vertical arrow. 

Taking: a step rightwards, we consider the case A=0. Suppose 
that the condition A,;=A,=0 does not hold, that is, at least one of 
the numbers A,, Az is nonzero. Then system (6) is inconsistent, but 
in that case so is system (4). This proves the legitimacy of the second 
vertical arrow. 

Taking yet another step rightwards, we consider the case A=A,= 
=-A,=0. Suppose that the condition a,= by=a,= b,=0 is not va- 
lid, that is, one of the numbers ai, 01, @2, bz is nonzero. For the sake 
of definiteness, let a:£0. Then from the first equation of system (4) 


we have x = ante Substituting this value into the second equation 


1 
of the system, we get 
26, — gb by —aeb 
a,x -+ by = a Yt bys as Mobi) y = isc 


(Here we made use of the equations a,b.—a,b,=A =0 and a2C)= @1Ce, 
the latter being a consequence of thé condition A,=0.) Thus, every 
solution of the first equation is a solution of the second equation and, 
hence, system (4) reduces to the first equation. But the first equation 
is satisfied if we give the unknown y an arbitrary value and find the 


corresponding value of x from the formula x= Ow . Thus, in the 
1 
case at hand, system (4) has an infinity of solutions, all of them being 
given by the formula 
x (y an arbitrary number) . 
1 

Consequently, system (4) is indeterminate. This proves the legitimacy 
of the third vertical arrow. 

Moving’one step rightwards, we consider the case when all numbers 
a1, by, Gz, 6, are zero (then all the more so, A=A,=A;= 0). In this 
case, system (4) has the altogether strange aspect 

O-x+0-y=Qy 
0-x-+0-y=c, 


Clearly, if cy==c,== 0, then it is satisfied by any pair of numbers x, y, 
which means the system is indeterminate and if at least one of the 
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numbers ¢,, C, is nonzero, then the system is inconsistent. This proves 
the legitimacy of the last two arrows. The proof of the theorem is com- 
plete. . 

Now let us consider a geometric interpretation of the systems exa- 
mined above. We know that theset of points in a plane whose coordi- 
nates satisfy an equation of the form 


ax -+ by=c 


where either a or b (or both) are nonzero, constitute a straight line. 
And so to solve a system like (4) in which every equation has at least 
one unknown means to find the common point of two straight lines. 
Geometry tells us all the possible cases of the mutual positions of two 
straight lines in a plane. We then have the following correspondence: 


In geometric terms: In algebraic terms: 
the lines intersect the system is determinate 
(first vertical arrow) 
the lines are parallel the system is inconsistent 
* (second vertical arrow) 
the lines are coincident the system is indeterminate 


, (third vertical arrow) 


The remaining two arrows cannot thus be interpreted since in those 
cases the system is devoid of any geometric meaning. However, in 
the last case, when any pair of numbers is a solution of the system, we 
can say that the whole plarie constitutes the solution set of the system. 

To illustrate, let us investigate the system 


ax+y=a 
X+ay=] 
First, compute A, Ay, A,: 


A=a—1, A,=a’—1, A,=0 


Now verify the starting condition: A=0. If A=a*—i-40, that 
is ifa-41 and a-4—1, then the system is determinate (first vertical 
arrow). But if A =0 (that is, a=1 or a=—1), then we come to the 
condition A, =A,= 0 (via the horizontal arrow). .This condition is 
valid here and so we follow the second horizontal arrow. Since not 
all the coefficients of the unknowns here are zero, the system is inde- 


terminate for a1 and a=—1 and reduces to a single equation. ° 
Thus, if as41 and a+—1, the system is determinate and the so- 
lution is x= 1, y=0; when a= 1 and a= —1, the-system is indeter- 


minate. In these cases, the solutions are given by the formulas 


y=1—x for a=1 (x any number) 
y=x—1 for a=—l1 (x any number) 
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Here is another example. Let us investigate the system 
xsin2a-+y(1 + cos 2a) = sin 2a 
x(1-+ cos 2a) —ysin 2a =0 
We _ have . 
A =— sin? 2a —(1 -+ cos 2a)? = —2 (1+ cos 2a), 
A, =—sin? 2a, A,=— sin2a(1-+ cos 2a) - 


If A0, that is, Cos2a4—1, then the system is determinate. _ 
But if A=0, i:e. cos2a=-—1, then sin 2a=0, and hence, A,= 
=A,=0. Besides, in this case all six coefficients of the system are 
equal to zero, and therefore any pair of numbers x and y can be a solu- 


tion. 
Thus, if cos 2a—l, i.e, ee CEI then, no matter what 


the integer k, the given system is determinate and the solution in this 
case is . 


A 
When a = errs , where & is an integer, the system is indetermi- ~ 


nate and its solution-is any pair of numbers x and y. 

2. What complex numbers a+- bi can be represented in the form (c+ 
+-di)/(c—di), where c and d are real numbers? 

This problem may be rephrased as follows: for what values of a and b 
does the equation a+ bi= (c-+-di)/(c— di), in which c and d are unknowns, 
have a solution, or for which values of a and b does the equation (a +- bi) x 
x(e—di) =c+di have a nonzero solution? 

Making the necessary transformations on the basis ot the definition 
of the equality of complex numbers, we obtain a system of two linear © 


equations: 
bo—(a+1)d=0 a 


[t is a system in two unknowns ¢ and d and involves two parameters a 
and 6. To solve this system in the ordinary way is rather involved be- 
cause it requires considering a large number of cases: For instance, in 
order to express one unknown in terms of the other, we have to consider 
separately the cases when the corresponding coefficient is zero or non- 
zero. ° 

Now there is no necessity to solve system (7) since we are only inter- 
ested in whether it has nonzero solutions or not. It is quite obvious 
however that it has the solution c=0, d= 0, and so we want it to have 
more than one solution, so that it will be indeterminate. 

According to the theorem, this occurs if and only if A= —(@— I)— 
-—6?=:0, Then, in the diagram, we are on the third vertical arrow 
(Ai=A,=0, and the coefficients of the unknowns cannot all be zero 


AG i. on eee 
c= =sina, y= — = sina cose 
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because a— 1 and —(a-+ 1) do not vanish simultaneously). 

Thus, this representation is only possible for numbers a-+ bi iy 
which a?-+ 6?=1 (that is, complex numbers with modulus unity 
and only such numbers). 


Exercises 
1 VxFy+VixFy =V 2+4 
V x 2y— V 2x-+ 2y = 2 V 2—2. 
2° Yety =2V3 


(xy) 9-*=3. 


4. log, x-+ log, y+ log, z =2 
logs y-+ logy z+ logy x==2 


log, z-+ logy g x-+ logig y= 2. 
B. x2 15Y +56 | 


y—x=5. 
. P=1+6 logy 
yrs y 2% 4 22x41 
. X72 -+4y3 — 96 
logy? 2 = logxy 4, 
. (2¥-+1) +t 9 
Vie+eP =x-+y. 
9. logs (x?-+ 2) + loge: (y2+-9)=2 
2 logs (¥-+-y)—log, (x§—y) =0. © 
10. logs (x*-+-1)—logs(y—2)  =0 
log, (x? — 2y?-+ 10y—7). =2, 
1+ x? -+- x, 
nu, heb ee Yano y 
log.i—y 27 = 1+ y. 
ipo Vie 2x 
= 
a logs (*—y) — log, py-g (ey) =5. 
13. Can a system of two linear equations in two unknowns have exactly 
two solutions? . 
14. For which values’ of & does a solution of the system 
xt+hky=3 
kx-+-4y=6 
exist and satisfy the inequalities x > 1, y > 0? 


oo 


~J 


o] 
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15. For which values of m does the system 
x--my=1 
mx—3my = 2m-+4-3 
fail.to have any solution? 
16. For which values ofa is any pair of numbers x, y, which is a solution 
of the system of equations : 
x sin 2a-+-y (1-+ cos 2a) = sin 2a 
x(1 + cos 2a)—y sin 2a=0, 
simultaneously a solution of the system of equations 
“ xsina+ycosa=sing 
xcosa—y sina=0? 


1.12 Verbal problems 


We use the term verbal, or story, problems for those which traditi- 

onally are called problems leading to equations. Examination problems 
nowadays frequently require the use not only of equations but of ine- 
qualities* as well, and sometimes of other conditions which are not 
written in the form of equations and inequalities. The most common 
feature of problems of this type is that the condition is given in verbal - 
form without any formulas or even without any literal designations of 
the unknowns. The habit of most students toregard any verbal problem 
as a problem which involves the setting up of equations is sometimes 
a drawback in that they are psychologically unprepared when it 
turns out that the equations alone are not sufficient to obtain a solu- 
tion. 
The ordinary type of problem in which all the conditions can be 
written down in the form of equations do not, as a rule, cause any par- 
ticular difficulty, though even in these problems there are certain | 
items that, occasionally are troublesome. Usually the real difficulty 
of more complicated problems lies in their unusual aspect, the necessity 
to reason and not merely to solve certain systems of equations or 
inequalities. 

It frequently happens that simple arguments without any setting 
up of equations and inequalities, even if that is possible, proves to be 
faster and simpler. What is more, an occasional problem is more ame- 
nable to simple, everyday reasoning than to ordinary mathematical 
techniques. Incidentally, the “commonsense” solution is not always 
rigorous and so one has to supplement it with rigorous mathematical 


arguments. 


* Note that, practically speaking, inequalities occur in nearly all problems of 
this kind. For instance, if, say, s is the distance, then s> 0. However, they are not 
ordinarily written out explicitly, but are used in the solving of equations and in 
discarding extraneous solutions. 

12---3480 
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Let us begi: with some mixture problems. The student frequently 
finds difficulty in setting up the equations in these problems. 

1. Given three mixtures consisting of three components A, B and C. 
The first mixture only contains components A and B in the weight ratio 
3:5, the second mixture contains components B and C in the weight ratio 
of 1:2, and the third mixture contains only the components A and C in 
the weight ratio 2:3. In what ratio must we take these mixtures so that the 
resulting mixture of components A, B and C stand in the weight ratio 
3:5:2? 

Some students have found the phrase “weight ratio” difficult to grasp, 
others fear the word “mixture”. Actually, the problem is not at all 
difficult, 

Since components A and B are in the ratio 3:5 by weight in the 
first mixture, each gram of the first mixture contains 3/8 gram of com- 
ponent A and 5/8 gram of component B. Similarly, 1 gram of the se- 
cond mixture contains 1/3 gram of B and 2/3 gram of C, and 1 gram 
of the third mixture contains 2/5 gram of A and 3/5 gram of C, 

If we take x grams of the first mixture, y grams of the second, and z 
grams of the third and mix them, we get (x+y -+ 2) grams of the new 


mixture, which will contain (>x-+ = 2) grams of A, (Frtty) grams 


of B and (Fy+29 grams of C. We have to take the first, second 


and third mixtures in quantities such that in the new mixture the com- 
ponents A, B and C are in the weight ratio 3:5:2, that is, in one gram 
of the new mixture there must be 3/10 gram of A, 5/10 gram of B and 
2/10 gram of C. But then x +- y +z grams of the new mixture will con- 
tain seryt?) grams of A, Setets) grams of B and sety re). grams 
of C. Equating the different expressions for one and the same 
quantity of components A, B, C, we get the following system of equa- 
tions: 


sebse=s (ety +z) 
grt guapletyta) 0) 
sUtg2=Hety +2) 


Note from the start that although we have three equations in three 
variables, there are only two independent equations in this system. 
This can easily be shown, for example, by subtracting from the equa- 
tion x+ y+z=x-+y-+2 the sum of the first two equations; we get 
the third equation. For this reason, from system (1) we find only the 
ratio x: y:z, and not x, y and z themselves. For instance, eliminating x 
from the first two equations of (1), we find that y = 2z. Substituting 
this value of y into any equation of the system, we get x = (20/3)z. 
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Consequently, x: y:z== 20:6:3, which means the mixtures have to be 
taken in the weight ratio 20:6:3. 

Percentage problems represent another difficult type of problem for 
students. Yet there is nothing hard about the notion of a percent. We 
can get rid of percentages simply by considering hundredths of a num- 
ber. The following problem is one involving both mixtures and per- 
centage. 

2. The percentages (by weight) of alcohol in three solutions form a 
geometric progression. If-we mix the first, second and third solutions in 
the weight ratio of 2:3:4, we obtain a solution containing 32% alcohol. . 
If we mix them in the weight ratio 3: 2:1, we obtain a solution containing 
22 % alcohol. What is the percentage of alcohol in each solution? : 

Let ‘there be x% alcohol in the first solution, y% in the second, and 
2% in the third. This means that 1 gram of the first solution contains 
x/100 gram of alcohol, 1 gram of the second solution, y/100 gram of 
alcohol, and | gram of the third solution, 2/100 gram of alcohol. If we 
take 2 grams of the first solution, 3 grams of the second, and 4 grams 


of the third, we get 9 grams of a mixture containing (2 wt3 . wt 


+4 a ) grams of alcohol. By the statement of the problem, the result- 
ing mixture contains 32% alcohol, which means that 9 grams of the 


mixture contains 9- 37 grams of alcohol. From this condition we get 

the equation 
2x-+-3y-+-42 9-32 
100 “100 

In similar fashion, we get yet another equation: 
3x-+2y+2z 6.22 


100 ~~ 100 


Finally, by hypothesis, the numbers x, y, z form a geometric progres- 
sion, and so y? = xz. ; 
It now remains to solve the system of equations 
2x + 3y + 42 = 288 
38x -+ 2y-+2= 182 
y? = xz 


Solving the first two equations for y and z and substituting the result- 
ing expressions into the third equation, we get the equation x?— 76x + 
+ 768 =0 with roots x,= 64 and x,= 12. 

But the value x,= 64 does not satisfy the conditions of the problem 
since the corresponding value of y = 48 — 2x is negative. Hence, there 
remains only x= 12, from which we easily find y= 24 and. z= 48. 
Thus, the first solution contains 12% alcohol, the second 24%, and 
the third 48%. 


12* 
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In many cases difficulties arise in the solution of the systems, par- 
ticularly when finding the unknown requires a certain amount of guess- 
work or an artificial device. Such techniques often simplify computa- 
tions or even suggest the only way to solve the problem. 

3. A tributary flows into a river. On the tributary, at a certain distance 
from the mouth of the tributary, lies point A. On the river, point B lies 
at the same distance from the mouth of the tributary. The time required 
for a motorboat to cover the distance from A to the mouth of the tributary 
and back stands in the ratio of 32 to 35 to the time required to go from B 
to the mouth of the tributary and back. If the rate of the motorboat were 
2 km/hr more, then this ratio would be 15:16, and if the rate of the motor- 
boat were 2 km/hr less, then the ratio would be 7:8, Find the rate of flow 
of the river (distances are measured along the tributary and river, respecti- 
vely). 

a the rate of river flow be uw km/hr, the rate of the motorboat 
in still water v km/hr and the rate of flow of the tributary, w km/hr, 
Furthermore, let the distance from A to the mouth of the tributary be 
equal to s km. Then the time the boat takes to cover the distance from 
A to the mouth of the tributary and back is ¢;= s/(v-+ w) + s/(”—w) = 
= 2sv/(v2— w*) (hrs.). 

Since the distance from B to the mouth of the tributary is also s 
km, the time required for the boat to go from B to the mouth of the 
tributary and back is t= s/(v-+~u) + s/(v—u) = Qsv/(v°— u®) (hrs.), 
From the statement of the problem, ¢,: t= 32: 35 and we get the 
first equation 

vi—u 32 
vor 35 
Two more equations are set up in similar fashion: 
(U2)?—u? 15 
(v-++ 2)?—wt ~ 16 
(v—2)?—u 7 


(u—2)2?—wt” 8 
Simplifying we get the following system of equations: 
30? = 35u2?— 32? 
(o-+ 2)? = 16u?— 15w? 
(u— 2)? = 8u?— 7w? 
We have to find uw. This is best done by first eliminating u, which is 
just the unknown we are seeking. Eliminating u, we obtain the system 
2 (u—2)?—(v-+ 2)? = w? 
35 (u— 2)? — 240? = 1lw? - 


Now eliminating w, we get the equation 13 (0 —2)? + I1(v + 2)3— 
—~24u*= 0, whence v = 12. Now it is easy to find w =2 and, finally, 
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wu = 4. We thus have the answer: the rate of flow of the river is equal to 
4 km/hr.” 

The next problem involves a system of three linear equations in 
three unknowns. This would appear to be easy to solve, but at the exa- 
minations many students failed because they got entangled in the ma- 
nipulations with the literal coefficients. Problems involving literal 
data come up rather often at examinations and the student should be 
able to handle them. : 

4. Two rivers flow into a lake. A steamship leaves port M on the first 
river, steams downstream to the lake then across the lake (still water) 
and up the second river (upstream) to port N, and then makes the return - 
trip. The ship has a speed of v in still water, the rate of flow of the first 
river is v1, that of the second river v,, the transit time between M and N 
is t, thedistance from M to N is S. The return-trip time from N to M along 
the same route is equal to t. What distance does the steamship cover across 
the lake in one direction? 

Denote by s, and s, respectively the distances from ports M and N 
to the lake, and by s the distance over the lake. By the statement of 
the problem, we have s,-+ s-+ s.= S. It is then easy to see that the time 
required for the steamship to cover the distance from M to N is 

i) ee sd 
U-F 0, ge aa 
The time required for the return trip is figured similarly. We thus ob- 
tain a system of three equations in three unknowns Ss), 82, S: 


Se 
U—v, 


s,ts-+s,=S 
Bebo oat (2) 
“ u-fu,' vu U~—U, : ; 
S s Sy 
ea Se Eee 


We are interested in s. 

This system looks rather imposing, though actually there is nothing 
really complicated in it, particularly if we recall that v, v1, v2, S, ¢ 
are given constants; it is quite obvious that the system (2) is a system - 
of three equations in three unknowns, which of course can always 
be solved, say,.by successive elimination of the unknowns. 

However, it often happens that what is simple in theory turns out 
to be extremely awkward in practice. In this problem, such an appro- 
ach would be unwieldy in the extreme, involving cumbersome manipu- 
en merely because the coefficients of system (2) are rather compli- 
cated. 

We will solve (2) in a somewhat artificial manner, but one which 
is shorter, The second equation of the system can be rewritten as 


U"S, —UU,S, -+ Us -+- (VU, —U,} US — 0,0, 5 + 0", -+ U0,S, 
: = tu (u* + vv, —U0, — 0,02) 
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Replacing the sum v*s,+-v’s-+- v's, in the left member by v°S on the 
basis of the first equation, and collecting terms, we get the equation 


v°S + v [0,8 —0,8, + (0; —0;) 8] —0,0,5 = tu (v? + v0, —v0,—0,0,) (3) 


In the same way we can transform the third equation of our system. 
But we can save on manipulations if we notice that the third equation 
is very much like the second: simply replace s, by s, and v, by v, 
and vice versa, and we have the second equation. In (3) replace s, 
by s, and v; by v, and vice versa to get the third transformed equation: 


v?S ++ v [U,8, — 0,52 + (0, —04) 8] —v,0,5 = tu (v0? + vv, — 00, —0,0,) (4) 


Now adding (3) and (4) we have 2v°S — 20.0.8 = tu(2v?— 2v,u,), 
whence follows the distance over the lake: , 


pn USE Oyt 2,5—ut 
SoU Tio, =vi--+v Uo, (5) 


The solution of the problem is complete. Some students, however, 
considered it necessary, after obtaining the answer with literal data 
(formula (5), say], to determine under what relationships of the data 
the answer has “real meaning” (such requirements are imposed as posi- 
tivity of rates, distances, etc.; conditions are introduced that guaran- 
tee nonvanishing denominators, and the like). Quite naturally, a pro- 
perly conducted investigation does not detract from the solution of a 
problem, but this investigation is not logically necessary, since it is 
usually taken for granted that the events actually took place and, hen- 
ce, the literal data already satisfy the necessary relations. Quite 
naturally, such ‘an investigation must be carried out if it is explicitly 
required by the conditions of the problem. 

It rather often happens that in problems demanding the setting up 
of equations, the resulting system has second-degree homogeneous 
equations in two variables (equations of the type ax?-++ bxy + cy? =0, 
where a, 6 and ¢ are certain numbers). Unfortunately, however, few 
students realize that the presence of homogeneous equations helps 
to solve a system of equations. A homogeneous equation of second de- 

- gree in two unknowns directly defines the relationship of the unknowns, 
and this naturally simplifies subsequent computations. Let us examine 
a problem whose solution makes essential use of this fact. 

5. An automobile leaves A for B and a motorcycle leaves B for A at 
the same time and with a smaller speed. After a time they meet, and at 
that instant another motorcycle leaves B for A and encounters the automo- 
bile at a point which is distant from the meeting point of the automobile 
and first motorcycle 2/9 of the distance from A to B. If the speed of the 
automobile were 20 km/hr less, the distance between the meeting poinis 
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‘would be 72 km and the first meeting would have occurred 3 hours after 
the automobile left A. Find the distance between A and B (the motor- 
cycles have the same speeds). 

Let the speed of the automobile be u km/hr, that of the motorcycle 
v km/hr, the distance AB, s km, and let ¢ hours elapse before the auto- 
mobile and first motorcycle meet. We readily set up the following 


system of equations: 


tu-+tu=s 
3 (u—20)+ 8u=s 
- 2 2 
75 vui—es 
ao 
72. 3u—72 
u—20°-. ov 


Eliminating the auxiliary unknown ¢ and simplifying, we get the 
following system: 
s= 3 (u-+u—20) 
9uv = 2 (u-+ov)? 
v (u— 20) = 24 (u 4+-v—20) © 


To find s we have to find uw and v from the last two equations. Noting 
that the second equation is a homogeneous second-degree equation in 
two variables, we can easily find the ratio uw: v. 

Since we are interested in u and v different from zero, then dividing 
the second equation by v*, we get a quadratic equation in the new va- 
triable z=u/v: 

227— 5z-+-2=0 


The roots of this equations z;= 2 and z,= 1/2, and so either u=2v 
or u = 0/2. as i 

But from the statement of the problem u > v, and so we take u = 2v, 

Substituting this value of u into the third equation, we get either 
v==40 or v=6. But if v=6, then u=12, but it is given that u> 20. 
The problem is satisfied only by v=40. But then u=80 and s=300. 
Therefore, the distance AB is found to be 300 km. 

Almost insuperable difficulties stem from problems in which. the 
student finds, after correctly setting up the system of equations, 
that the number of unknowns is greater than the number of equations. 
The following problem illustrates this point. 

6. Two boys with one bicycle between them set out from A in the direc- 
tion of B, one by bicycle and the other on foot. At a certain distance from A 
the one riding the bicycle left it by the road and continued towards B on 
foot. The one who had started out on foot reached the bicycle and rode the 
rest of the distance. Both reached B at the same time. On the return trip 
from B to A, they did as before, but this time the cyclist rode one kilometre 
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more than the first time and so his comrade arrived in A 21 minutes after 
he did. Find the rate of each of the boys on foot if they both did 20 km/hr 


_ cycling, and, on foot, the first takes 3 minutes less to cover each kilometre 
than the second. 


Let us introduce the following notation: 

s km for the distance between A and B; 

v km/hr for the rate on foot of the first boy; 

w km/hr for the rate om foot of the second boy; 

a km for the distance that the first boy cycled from A to B (he thus 
left his bicycle a km from A and covered the rest of the distance to 
B on foot). 

It is quite clear that the whole trip from A to B was made by the 
first boy in a/20+(s—a)/v hours, by the second boy in a/w + 
-+ (s — a)/20 hours. The fact that they set out at the same time and 
arrived at the same time yields the first equation: 

a, s—a a s—a 

| 0 we tH 
' The information on the B to A trip enables us to set up the second 

equation in similar fashion: 


a+1 ,s—a—l_a+l,s—a—i 7 

20 aCe ag on on 

"(21 minutes = 7/20 hr).* 

Since the first boy spent L/v hours per km and the second 1/w hours, 


we immediately get (from the statement of the problem) the third 
equation: 


ae ee 
wv 20 

We now have a system of three equations in four unknowns. It is 
impossible to determine all the unknowns s, a, v, w from this system. 
In this sense, the system is indeterminate. But does this mean we are 
not able to solve the problem? Of course not. This is because we only 
have to find two unknown quantities, the rates v and w, and those can 
be found uniquely from the system of equations. 

To do this, subtract the first equation from the second to get 


1 1 9 
whom 


and consider the result together with the third equation. Obvious 
computations yield v=5 km/hr and w=4 km/hr. 


* We coriverted minutes to hours since all quantities must be given in the same 
units. For example, if the distance is in kilometres and the time in hours, then the 
speed is in km/hr. Only when the units are the same do the familiar physical equa- 
tions (such as svt, etc.) used in the solution hold true, 
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In this problem we were able to find the unknowas we needed despite 
the fact that there were fewer equations than unknowns. In the next 
problem we will obtain a system of equations without being able to 
determine any of the unknowns, though we will be able to determine 
the greater one, which is what is required in the problem. 

7. A student spends a certain sum of money on a bookbag, a fountain 
pen and a book. If the cost of the bookbag were less by a factor of 5, the 
pen by a factor of 2 and the book by a factor of 2.5, the overall cost would 
be 8 roubles. Now if, compared to the original cost, the prices were redu- 
ced—twofold for the bookbag, fourfold for the pen, and threefold for the 
book—then the total outlay would be 12 roubles. How much money was 
spent and what item cost more, the bookbag or the fountain pen? 

Suppose the bookbag cost x roubles, the pen y roubles and the book 
z roubles. Together they cost x+-y-+z, and that is what we wish to 
find out. 

The first equation is set up on the condition that under the original 


assumption the outlay was 8 roubles: 
x,y Zc: 
a tee 

Similarly we set up the second equation: 
x y z 
gigi! 


We have a system of two equations in three unknowns and cannot 
of course determine all the unknowns, but we can find the total sum, 
which is what we need. To do this, rewrite the equations thus: 


2x + Sy + 4z = 80 6 
6x -+ 38y + 4z = 144 (6) 


Adding these two equations, we get the sum of the unknowns: x-+-y--z= | 
=28. The total outlay comes to 28 roubles, thus answering the first 
question. 

Now let us try to determine which item, bookbag or fountain pen, 
is more expensive: in other words we want to know which of the ine- 


qualities x>>y or y>x is valid. 
If we subtract the first equation of (6) from the second, we obtain . 


Qx—y = 32 vee) 


From this it is clear that x>>y/2, because otherwise we would have 
32=2x— y<0. But the inequality x>y/2 does not yet answer the 
question given in the problem. This is because we have not yet made 
full use of equation (7). Namely, we merely noticed that the difference 
2x—y is positive. Now let us try to make use of the fact that it is 
equal to 32 and also take into account that x-+y-+-z=28 and that 
all the unknowns, x, y, 2, must, realistically, be positive nurnbers. 
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Rewrite (7) as x-+(x—y)=82. Since the total outlay is 28 roubles, 
then certainly x< 28 and from the latter equation follows x—y> 0, 
which states that the bookbag is more expensive than the fountain pen, 

Nearly all the foregoing problems implicitly involve inequalities. 
In Problem 5 for instance there were even two: u>v and u> 20. 
The inequalities that appear in such problems do not ordinarily upset 
the student; what’ does cause a lot of trouble is when the conditions of 
the problem have to be written out explicitly as inequalities. Many 
students get as far as writing down the systein of equations and ine. 
qualities, but no farther. Apparently they are not ready psychologi. 
cally to solve systems of this kind. To illustrate, take the following 

roblem. 

P 8. A fast train leaves A for C at9 A. M. At the same time two pas- 
senger trains leave B (located between A and C), the first with destina. 
tion A, the second with destination C. The two passenger trains have the 
same speed. The fast train meets the first passenger train not later than 3 
hours after departure, then passes B not earlier than 14:00 of the same 
day and, finally, arrives'in C together with the second passenger train 
exactly 12 hours after meeting the first passenger train. Find the time of 
arrival at A of the first passenger train. 

Let the speed of the fast train be v, km/hr, that of the passenger 
train, v, km/hr, and let the distance AB be s km. From the statement 


that the fast train meets the first passenger train not later than three 
hours after departure, we get . 


§ 
0+ 02 <3 

From the condition that the fast train arrived in B not earlier than 5 
hours after departure, we obtain 


qs 

1 . 
Since the time elapse prior to the first meeting is s/(v,+-v,) hours, 
it follows that the fast train will-overtake the second passenger train 
in 12-+[s/(v,--v,)] hours, and so 


(12+ 5a) —w)=s 
We have to find x+=s/v,, whence S=XUp, Substituting this expres- 


Sion for s in the preceding equations and inequalities and denoting 
v/v, by a, we get the system 


x<3(a+1) 
x > ba 
x=6 (a?—1) 


It was precisely this system that stumped many students, 
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Actually it is not so complicated. It is necessary to eliminate either 
x or a and go over to a system of two inequalities in one unknown. 
Since it appears easier at first glance to eliminate x, let us do so. Put- 
ting x=6(a?—1) into the first two inequalities, we obtain the system 


of inequalities 
: Qa2?—a—38 <0 


6a? —5a—6 > 0 


The solutions of the first inequality are —l<a< 3/2, the solutions 
of the second are &>>3/2 and a<— 2/3. Hence, the solution of the 
system is a==3/2, and also all lying in the interval —l<a<— 2/3. 
Since we are only interested in positive values of a, the condition of 
the problem is satisfied by the sole value a=3/2. From this it is easy 
to find x—=15/2 and we get the answer: the first passenger train arrives 
at A at 16:30. 

This problem allows for a solution in which all the conditions of 
the problem are written down in the form of equations. This is achie- 
ved by introducing supplementary unknowns and obtaining a system 
of equations in which the number of unknowns is greater than the 
number of equations. However, it is more difficult to solve that type 
of system of equations than it is to solve a system of inequalities. 

Let us solve the problem the second way, retaining all the earlier 
notation, Let the fast train meet the first passenger train after an 
elapse of (3 — #;) hours (t,>> 0), let it pass B in (5+2,) hours (#220) 
and let it catch up with the second passenger train in [(8—t,)+12] 
hours. Then we can easily set up the equations 


(0; + U2) (3—t,)=s 


v, (5+4,)=s 
(15—#,) (0; —02) =s 
XU, =8 


, Eliminating s and denoting v/v. by a, we get the system of equa- 
ions . 
(a+ 1)(8—t;) =x 
a (5 + t,) =x (8) 
(a—1)(15—#,)=% : 


This is a system of three equations in four unknowns. We only want 
x. Proceeding as before, eliminate x to get 


at, t+(a+ 1)t=3—20 _ 
(1—c) t, —at, = 15 — 100% (9) 
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Noting that the right member of the second equation is five times the 
right member of the first, multiply the first by 5 and subtract the 
second to get 


Gat, + (6+ 4) t, = 0 (10) 


Since a>0, 4,550, t,>>0, it follows that this equation can only be 
valid for t;=0 and t,=0. But then from (9) it is easy to find a==3/2 
and from (8), x=15/2. We get the same answer. Many students failed 
to notice that (10) can be derived from (9) and therefore they could 
not conclude, from (9), that ¢;=¢,~0 and so could not solve the prob- 
lem. 

The foregoing shows that the first method of solution is much 
easier than the second method. 

9. A cyclist starts out from city A at 9 A.M. and proceeds at a con- 
stant rate of 12 km/hr. Two hours later, a motorcyclist starts out with 
an initial speed of 22 km/hr and proceeds with uniformly decelerated 
motion so that in one hour the speed diminishes by 2 km/hr. A man in a 
car driving to A at 50 km/hr meets first the motorcyclist and then the 
cyclist. Will the car driver be able to reach A by 19:00 that same day? 

This problem can likewise be solved by setting up a system of equa- 
tions and inequalities, but it would require extended reasoning. It 
is best to approach the problem by simple reasoning instead of attempt- 
ing to solve it by formally setting up of a system of equations and 
inequalities. 

If follows from the statement of the problem that first the motorcyc- 
list catches up with the cyclist.and then the cyclist catches up with 
the motorcyclist. Let the cyclist spend ¢ hours prior to a meeting 
(first or second, no matter which). Then the motorcyclist will spend 
(t—2) hours over the same distance. Since they cover the same di- 
stance before meeting, we can equate their paths to obtain 

12¢ = 22 (t—2)9 fF 
Solving this equation, we see that up to the first meeting the cyclist 
rode 6 hours and thus covered 72 km; prior to the second meeting he 
rode 8 hours and hence covered 96 km. It is given that the car driver 
met the cyclist before the latter had covered 96 km, which means the 
motorist has less than 96 km left to drive to A. He will spend less 
than 96/50 hours. Since the cyclist will spend less than 8 hours be- 
fore meeting the car, their meeting will occur earlier than 17:00. 
Thus, after meeting the cyclist there remain over two hours for the 
car driver to reach A before 19:00 hours. But he requires less than 
96/50 hours, that is less than two hours, to cover this distance. And 
so the motorist will reach A before 19:00. 

At examinations, problems appear in which the student is asked to 
find an optimal solution, say, to buy the largest possible quantity 
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of goods for a given sum of money or to choose the best possible (chea- 
- pest) variant in transportation of goods, and the like. 

Solutions of this type of problem may consist of setting up systems 
of equations and inequalities and their solution. However, the most 
necessary element in such cases is the reasoning that helps to choose 
the best possible variant. 

10. The task is to construct a number of identical dwelling houses 
with a total floor-space of 40,000 sq. metres. The cost of one: house of N 
sq. metres (m*) of dwelling floor-space consists of the cost of the above- 
ground portion (superstruction), which is proportional to NVN and the 
cost of the foundation, which is proportional to VN. The cost of a house of 
1600 m? is set at 176,800 roubles, in which case the cost of the above- 
ground portion is 36% of that of the foundation. Determine how many 
houses should be put up so that the overall cost is the smallest possible 


and find that sum. 
Suppose we decide to construct n identical structures each of which 


has y m? of dwelling floor-space. Then the equation yn=40,000 is valid. 
Let the cost of one structure of y square metres of floor-space be z 
thousand roubles; then the cost x of the construction job as a whole is 


computed from the equation x=2n. 
The cost of a house consists of the cost, v, of the above-ground por- 


tion of the structure and the cost, w, of the foundation: thus, z=v-+-w, 
It is given that the cost of the above-ground portion of a house of y 
square metres is proportional to yV'y, that is, v=ayVy, where a is 
a certain coefficient. Similarly, w=BVy, where B is a certain coef- 


ficient. 
In the particular case of the construction of a house of 1600 square 


metres, taking into account that the cost of the superstructure is 
36% of the cost of the foundation, we get 


a+ 1600-V 1600 = => « (B-V'1600) 


and taking into consideration that the construction of a house of 
1600 square metres costs 176,800 roubles, we have 


176,800 = «- 1600 / 1600 -+ BV 1600 


All the conditions of the problem have been written down, we now 
have to determine x as a function of n and then determine for which n, 


x will be a minimum. 
It is easy to find « and #6 from the last two equations: a= 


= 117/160,000, B==13/4. Substituting v and w into the expression for z, 


we get 2=(117/160,000)yVy+(13/4)V y. Now putting this.value of 
z and the value y=40,000/n from the first equation into the second, 
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we get ; 
£= 650 (vrtV n) 

We thus conclude that x, the cost of construction, is the above 
function of n, the number of houses. We now have to determine the 
smallest value of x. Applying to the right member of this equation 
the inequality between the arithmetic mean and the geometric mean, 


we find 7 
x >2-650V 9 = 3900 


equality being attained only when 8//n=\Vn, ‘that is, for n=9 
In other words, the cost of construction will always be at least 3.9 mil]. 
lion roubles and will be exactly equal to this figure only when n—=9 
Thus, in this housing construction project, the smallest expenditure 
will be in building 9 houses and the total cost in that case wil] be 


3.9 million roubles. 
I. It és agreed to spend 100 roubles on christmas tree decorations 
- Such decorations are sold in sets consisting of 20 items per set costing 

4 roubles a set, sets of 35 items at 6 roubles, and sets of 50 items at 9 ro. 
ubles. How many of what kinds of sets should be bought in order to have 
the largest number of items? 

Let x, y, z be the number of sets, respectively, of the first, second 
and third kind which must be bought to ensure a maximum quantity 
of items (this solution is termed the optimal solution of the problem), 


Then 
4x + 6y + 9z= 100 


This is the only equation that can be set up on the basis of the state- 
ment of the problem. But we also know that'x, y and zare nonnegative 
integers and that the number of items of decoration in this purchase 
is greater than any other. These conditions, it turns out, are quite 
sufficient to ensure an unambiguous determination of all unknowns. 

The first idea is to solve the equation by running through all possible 
values of the unknowns but this is rather hopeless due to the enormous 


number of cases, 
However, this number may be appreciably reduced with the aid of 
arguments of an economic nature. Indeed, 12 roubles can buy 3 sets 
of the first type or 2 sets of the second; in the former case we get 60 
items, in the latter 70. It is then clear that in an optimal solution the 
number of sets of the first type should not exceed 2. Comparing sets of 
the second and third type in similar fashion, we find that in the opti- 
mal solution there should not be more than one set of the third kind. 
We have thus obtained the inequalities x< 2, z< 1. 

Now there are fewer cases and we can run through them. For x==0 
we get the equation 6y+-9z= 100 to determine y and z. It clearly does 
not have a solution since the left member is divisible by 3 but the 
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right is not. Furthermore, when x==1 we get the equation 2y-+3z=32, 
pain (taking into account the inequality z< 1) has the unique solu- 
on y=16, -z=0. Finally, when x+=2, there is no solution, as in the 


Case of x==0, 
Thus, to ensure the largest number of decorations, we have to buy 1 


Set of 20 items and 16 sets of 35 items. 
_, It is possible in this solution to dispense with examining all cases 
1! a more detailed use is made of divisibility, as witness: from the 


Siven equation it follows that the number « yields a remainder of 1 
Upon division by 3, and the number z is even. It therefore follows 
'mmediately from the inequalities x<2 and z<q1 that x=I and 

z==0; from the equation we get y=16. 

f ote in conclusion that in actuality the foregoing reasoning signi- 

€s that the optimality condition of the solution may be written in 
le form of the following system of equations and inequalities: 


4x + 6y-+9z= 100, (11) 
O<x<2, 0<y, 02K! 


With the supplementary proviso that x, y and z are integers. Now 
_€ condition of x, y and z being integers means that z2=2n and x= 
=1-+13k, where n and & are also integers. Substituting these values of z 
and x into the appropriate equations, we get n=k=0, or x=1 and 
=0, It is now easy to find y=16 from equation (11). 

; 12, A forestry has to deliver 1590 trees. The vehicles assigned to this 
fob are yA -ton, three-ton and five-ton trucks. A 1-f-ton truck carries 
26 trees at a time, a three-ton truck carries 45 trees, and a five-ton truck, 
75 trees. The cost of one run of a 14-ton truck is 9 roubles, that of a three- 


fon truck, 15 roubles, and of a five-ton truck, 24 roubles. The forestry 
Wishes to minimize the overall cost of the deliveries. How is this to be done 


(it is assumed all trucks are fully loaded)? 
—-ton, three-ton, and five-ton trucks, 


Let x, y, 2 be the number of 15 
respectively, in the case of optimal distribution. Since all vehicles 
are fully loaded, the number of transported trees in this setup will be 

6x+-45y-+752 and thus we get the equation 26x-+-45y-+75z= 1590. 

We are now in the same position as in Problem 11, but attempts to 
Teduce the number of cases that succeeded then do not yield any sub- 
- Stantial simplification. For example, x is divisible by 15. That’s 

about all. We might add that 45 1 4-ton trucks would cost 405 roubles 
a trip, 26 three-ton trucks carrying the same number of trees would 
cost 390 roubles so that in an optimal solution the number of 1 =-ton 


trucks should, not exceed 44, And so for x we get three possibilities: 
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x=0, x=15, x=30. For each of these values we would have to solve 
the equation for y and z, which also have a good many solutions. 
This is a very tedious approach, though in the absence of any other, 
it is acceptable. 
Here’s an attractive idea, which, unfortunately, doesn’t do the job, 
From the statement of the problem it is easy to figure out that for 


45 roubles using 5 1t-ton trucks we can deliver 130 trees and using 3 
three-ton trucks, 135 trees. It would therefore appear that the number 
of 1¢-ton trucks should not exceed 4, otherwise those same trees could 


be delivered more cheaply. From this and from earlier considerations 
it follows that x=0 and the number of cases left to‘be examined is 
much less. 

Actually, however, this argument only implies that for a given sum 
of money we can deliver a larger number of trees, but our aim is to 
deliver a given number of trees at minimum cost. Nevertheless, it is 
still possible to get around brute-force tactics by just a little common. 
sense reasoning. 

Any reasonable person would first- estimate which of the given 
types of trucks is the most efficient by determining the cost of deli- 


vering a single tree, We find the following: for a 1 +-ton truck, a 


three-tonner and a five-tonner the cost is 9/26, 1/3 and 8/25 rouble 
respectively. Since 9/26> 1/3>>8/25, it is clear that it is more pro- 
fitable to use five-ton trucks first, then, if necessary, three-tonners 


t 4 
and, finally, 1 x ton trucks. 


It is easy to see that the greatest number of trees that can be deli- 
vered by five-ton trucks comes out to 1575. However, seeing that all 
vehicles must be fully loaded, we get 1500 trees for delivery by five-ton 
trucks. Then 90 trees can,be delivered by three-tonners and so it is 
natural to suppose that the optimal distribution will be 20 five-ton 
and 2 three-ton trucks. 

It is easy to demonstrate that this plan is indeed an optimal plan: 
‘if we reduce the number of five-tonners, then the “undelivered” trees 


apportioned to these vehicles would have to be delivered by 1--ton 


and three-ton trucks, but delivery costs per tree on these trucks are 
higher, and so the total cost of the assignment would increase. 

We thus have the optimal distribution of 20 five-ton and 2 three-ton 
trucks, while all the unknowns and the single equation that was set up 
remain unused! To summarize, then, we set out in the ordinary way, 
but in the process of solution we found an approach which made 
all the earlier arguments unnecessary. Quite obviously the method 
given here would be quite sufficient at any examination, 
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Exercises 


1. Three cyclists start out simultaneously from the same place in one direction 
around a circular track 1 km in length. The rates of the cyclists form, in a certain 
order, an arithmetic progression with common difference 5 km/hr. After some time, 
the second one catches up with the first, having made one extra circuit; 4 minutes 
later the third arrives at that point, having covered the same distance that the first 
did at the time lie caught up with the second cyclist. Find their rates. 

2, Three brothers, whose ages form a geometric progression, divide among 
themselves a certain sum of money in direct proportion to the age of each. If this 
were done in three years time, when the youngest becomes one-half the age of the 
oldest, then the youngest would receive 105 roubles, and the middle one, 15 roubles 
more than at the present time. Find the ages of the brothers. ; 

3. Two groups of tourists start out from A in the direction of B at the same time. 
The first group goes by bus (at 20 km/hr) and reaches C, midway between A and B, 
and then continues on foot. The second group starts out on foot, but in one hour 
boards a car which proceeds at 30 km/hr and reaches B. The first group passes C 35 mi-. 
nutes before the second group, but arrives at B | hr and 25 minutes later than the 
second group. What is the distance from A to B if the rate of the first group (on foot) 
is 1 km/hr greater than that of the second group? 

4. Two identical vessels are filled with alcohol. We draw off a litres of alcohol 
from the first vessel and add that amount of water. Then we draw off a litres of the 
resulting mixture of water and alcohol and add that amount of water. In the case of 
the second vessel, we draw off 2a litres of alcohol and add that amount of water, and 
then draw off 2a litres of the resulting mixture and add that amount of water. De- 
termine what part of the volume of the vessel is taken up by a litres if the strength of 
the final mixture in the first vessel is 25/16 times the strength of the final mixture in 
the second vessel. (By strength is meant the ratio of volume of pure alcohol in the 
mixture to the total volume of the mixture. It is assumed that the volume of the mix- 
ture is equal to the sum of the. volumes of its components.) 

5. Two bodies are in uniform motion around a circle in the same direction, and 
one of them catches up with the other every 46 seconds.. If these bodies were in motion 
in opposite directions, they would meet every 8 seconds. Determine the rates of 
the bodies if we know that the radius of the circle is equal to 184 cm. 

6. Towns A and B are located on a river; B downstream from A. At 9 A.M. a 
raft starts floating downstream from A in the direction of B (the rate of the raft re- 
lative to the bank of the river is the same as the rate of the current). At that time, a 
boat starts out from B for A and meets the raft in 5 hours. Upon reaching A, the boat 
turns round and returns to B arriving at the same time as the raft. Did the boat and 
raft arrive at B by 9 P.M. (of the same day)? ; 

7. Three workers receive an assignment, which each separately completes in a 
specified time, the third completing the job one hour faster than the first. Working 
together they can complete the job in one hour. But if the first worker does one hour 
and then the second 4 hours, together they can complete the job. How long does it 
take each worker separately to complete the full assignment? 

8. We have two solutions of a salt in water. To obtain a mixture containing 
10 grams of salt and 90 grams of water, one takes twice as much (by weight) of the 
first solution as the second. One week elapses and 200 grams of water has evaporated 
from each kilogram of the first and second solution. Now to obtain the same mixture 
as before, we require four times more (by weight) of the first solution than of the 
second. How many grams of salt did 100 grams of each solution originally contain? 

9. A freight train going from A to B arrives at station C together with a passen- 
ger train going from B to A with a speed m times that of the freight train. The two 


trains stop at C for ¢ hours and then continue on their ways, each train increasing its 
speed 25% over the original speed it had prior to arrival at C. Then the freight train 
A later by. 4, hours 


arrives at B later by ¢, hours and the passenger train arrives at ; 
than if they had gone nonstop at their original speeds. How much earlier did the 


freight train start out from A than the passenger train from B? 
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‘10. Three points A, B and C are connected by straight roads. Adjoining sectic 
AB of the road is a square field with a side of 1/2 AB; adjoining BC isa square fie 
with a side equal to BC, and adjoining CA is a rectangular section of the woods, . 
length equal to AC and of width 4 km. The wooded area is 20 square kilometr, 
greater than the sum of the areas of the square fields. Find the area of the wood. 
11. Thirty students received marks of 2, 3, 4, 5 at an examination. The si; 
of the marks is 93, there are more 3's than 5’s and fewer 3’s than 4’s. Besides, ti, 


number of 4’s is divisible by 10 and the number of 5’s is even. Determine the numbe 
of the various marks received by the thirty students. 

12. A motorcycle and a car (Volga) leave A for B at the same time; and at th. 
same time another car (Moskvich) leaves B for A. The Moskvich arrives in A itz 


5 hours and 50 minutes. The cars meet 2 hours 30 minutes later, and the motoreyc I¢ 
cycle were twice What 


and Moskvich meet 140 km from A. If the rate of the motor 
it was, it would have met the Moskvich car 200 km from A. Find the Speeds of th 
motorcycle and the two cars. < 
13. An empty tank is being filled through two pipelines simultaneously with 
ure water and a constant concentration of an acid solution. When filled, the tate 
ank were half full, the water supply: 


Fas a 5% solution of the acid. If when the t 
were cut off, the full tank would have a 10% solution of the acid. Determine which 


pipeline delivers liquid ‘faster and how much faster. 

14. Acar leaves point A for B. At the same time, a cyclist starts out in the o 
posite direction (from B). Three minutes after they meet, the car turns around pases 
follows the cyclist; after catching up with the cyclist, it turns around and goes to B 
If the car had turned around 1 minute after the meeting, and the cyclist (after the 
meeting) had increased his speed 15/7 times, the car would have spent ‘the same pees 
unt of time for the entire trip. Find the ratio of the speeds of the bicycle and the car 

15. Two men start out at the same time from A in the direction of B, which 
is 100 km from A, one on a bicycle, the other on foot. Also at the same time 
a car starts out from B and goes in the direction of A. An hour later the car 


meets the cyclist and, continuing another Me km, it meets the man on foot, who 


boards the car, and the car overtakes the cyclist. Compute the speeds of the bi- 
cycle and the car if we know that-the man on foot was doing 5 km/hr. The time 
required to get into the car and turn the car around is disregarded, 

_ 16. A laboratory has to order a certain number of identical spherical flasks with 
a total capacity of 100 litres. The cost of one flask consists of the cost of labour 
which is proportional to the square of the surface area of the flask, and the cost 
of the material, which is proportional to the surface area. A flask of Capacity | litre 
costs ! rouble 25 kopeks, and in this case the labour cost is 20% of the cost of 
the flask (the wall thickness of the flask is negligible). Will 100 roubles (100 ko. 
peks to a rouble) be enough to cover the cost? 

17. Bus No. 1, which a student uses to get to his place of study (institute) 

without changing buses, covers the distance in 2 hours and 1 minute. He can also 
_get to the institute by any one of the buses No. 2, 3, ... , No. K, but the only 
way to make a change to Bus No. P is from Bus No. (P—I1). The routes of these 
buses are such that if the student gets to the institute on one of them, he wil] 
spend en route (disregarding transfers ) a time inversely proportional to the num- 
ber of buses used. Moreover, he will have to spend 4 minutes at each transfer, 
Is there_a route he can take such that the total time is less than 40.1 minutes? 
"18. Between town A and city E is a gasoline (petrol) station O and a water 
supply station B, which divide the distance between A and E into three equal 
parts (AO=OB=BE). A motorist and cyclist start out simultaneously from A in 
the direction of E and, at the same time, a truck starts out from E in the direction 
of A and at the water supply station passes the car and at the gasoline station pas- 
ses the cyclist. At the gas station, the cyclist increases his speed 5 km/hr. The 
motorist reaches £ and then sets out on the return trip at 8 km/hr slower than be- 
fore. As a result, when the truck arrives in A, the cyclist still has 7.5 km to go 
to B, while the motorist is in between O and A, 14 km from O. Find the distance 
from the town to the city and also the speeds of the car, truck and bicycle, 
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19. A rectangular plot of area 900 square metres is to be fenced in; two ad- 
joining sides to be brick and the two others to be wooden. One metre of the woo- 
den fence costs 10 roubles and one metre of the brick fence costs 25 roubles. A total 
of 2000 roubles has been alotted for the job. Will this sum be sufficient? 

20. The tank at a water supply station is filled with water by several pumps. 
At first, three pumps of the same capacity are turned on; 2.5 hours later, two more 
pumps (both the same) of a different capacity are set into operation. One hour after 
the additional pumps were set into operation the tank was almost filled to capacity 
(15 cubic metres were still lacking), in another hour the tank was full. One of the 
two additional pumps could have filled the tank in 40 hours. Find the volume of the ° 


tank, . 

21. At a 10,000-metre ski race, the first skier starts out and is followed shortly 
by a second one, the rate of the second skier being 1! m/sec more than that of the 
first one. When the second skier catches up with the first, the latter increases his 
rate by 2 m/sec, while the rate of the second skier remains unchanged. As a result, 
the second skier finishes 7 minutes and 8 seconds after the first one. If the distance 
had been 500 metres longer, then the second skier would have finished 7 minutes 
and 33 seconds after the first one. Find the time lapse between the start of the first 


and second participants. 

22. Three skaters whose rates, taken in some order, form a geometric progres- 
sion, start out at the same time on a skating circuit. After a time, the second one 
overtakes the first, covering 400 metres more. The third skater covers the same di- 
stance that the first did when the latter was overtaken by the second during a time 
that is 2/3 minutes more than the first. Find the rate of the first skater. 

23. A farm has tractors of four models, A, B, C, D. Four tractors (2 of model B 
and one of models C and D) plough a field in two days. Two model A tractors and 
one model C tractor take three days to do this job, and three tractors of models A, B 
and C take four days. How long will it take to do the job if a team is made up of 


four tractors of different models? 

24. Grass was mowed on three fields in the course of three days. On the first 
day, all the grass of the first field was mowed in 16 hours. On the second day, all 
the grass of the second field was mowed in 11 hours. On the third day, all the grass 
was cut on the third field in 5 hours, four hours of which the work was done with 
scythes and one hour by a mowing machine. During the second and third days, 
together, four times more grass was cut than on the first day. How many hours 
was the mowing machine in operation if in one hour it mows five times as much 
grass as is cut by hand. It is assumed that the hand and machine operations were 


separate in time (did not overlap) and there were no breaks in the work. 


25. A factory has to deliver 1100 parts to a client. The parts are packed in boxes 
olds 70 parts, one of type Two holds 40, and 


of three types. One box of type One 

one of type Three holds 25 parts. The cost of delivery in a type One box is 20 ro- 
ubles, in a type Two box, 10 roubles, in a type Three box, 7 roubles. What kind 
of boxes should be used in order to minimize the cost of delivery? All boxes must 


be used to full capacity. 

26. A stamp rollector decides to put all his stamps in a new album. If he puts 
20 stamps on one sheet, there will be some left over; if he puts 23 stamps on a 
sheet, there will be at least one empty sheet left in the album. If the stamp col- 
lector is presented with an album of the same kind, each sheet holding 21 stamps, 
he will have a total of 500 stamps. How many sheets are there in the album? 

27. Two pipelines operating together fill a pool 3/4 full of water. If one pipeline 
fills one-fourth of the pool first, and then the second (the first is then switched off) 
brings the volume of water up to 3/4 the capacity of the pool, then this will require 
2.5 hours. Now if the first pipeline is in operation for one hour and the second 
for half an hour, they will bring the water level up to more than one-half the pool. 


How long will it take each pipeline separately to fill the pool? 
28. Points A and B are located on a river so that a raft floating downstream from 


A to B with the rate of the current covers the distance in 24 hours. A motorboat 
goes from A to 3 and returns in less than 10 hours, If the rate of the motorboat in 


13+ 
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still water were 40% greater, the same distance (from A to B and back) could be 
covered in not more than 7 hours. Find the time it takes the motorboat to go 
from A ‘o B at the original rate (not increased). 

29. At & A.M. a fast train leaves A for B. At the same time a passenger 
train and an express train leave B for A, the speed of the former being one half 
that of the latter. The fast train meets the express train not earlier than 10:30 
A.M. and arrives at B at 13:50 the same day. Find the time of arrival of the pas- 
senger train at A if we know that not less than an hour elapsed between the mee- 
tings of the fast train and express train and the fast train and the passenger train. 

30. At 9 A.M. a cyclist starts out from A in the direction of B. Two hours later 
a motorist sets out and overtakes the cyclist not later than 12:00 noon. The motorist 
continues on and reaches B, then immediately turns round and heads back for A. 
On the way, the motorist meets the cyclist and arrives in A at 17:00 hours that 
xame day. When does the cyclist arrive in B if we know that no more than 3 hours 
elapsed between the two encounters of the cyclist and motorist. 
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The ability to represent geometrically functional relationships 
given by formulas is particularly important in higher mathematics. 
That is why examination papers contain problems involving the 
graphing of functions. 

Graph construction is often a source of trouble to many students. 
This is largely due to the fact that questions of graphing functions are 
rather scattered in the school course of mathematics and general tech- 
niques for construction of graphs are hardly at all considered. 

It is well to review the basic material in the standard textbooks, to 
recall the basic curves and to drill a good deal in the sketching of 
specific graphs. 
~ It will be recalled that a functional relation is a rule or. law in accor- 
dance with which to each value of a quantity x (the independent variable 
or urgument) from acertain set of numbers, called the domain of de finition 
of the function, is associated one definite value of a quantity y (the de- 
pendent variable or function); the collection of values assumed by the 
devendent variable y is termed the range of the function. 

It is important to emphasize that the arguments of functional 
relationships studied at school are always assumed to take on real values, 
‘and only real numbers are allowed as values of the dependent variable. 

If a functional relation (function) is given by a formula y= (x), 
then finding its domain of definition reduces to finding all the real 
values of the argument for which the expression f (x) defining the 
function is meaningful, that is to say, assumes real values. Let us 
consider some examples. 

1. Find the domain of definition (or, simply, domain) of the function 
y=log, cos x. 

It is obvious that the domain of this function includes only those 
values of x for which the following conditions are simultaneously 
valid: (a) x>0, x=41 (since the logarithmic base must be positive and 


1.18 Graphs of functions 197 


nonzero); (b) cos x>0 (since negative numbers and zero do not have 
logarithms). 

Solving this system of inequalities, we find that the domain of the 
function at hand is the following set of numbers: 


O<e<l, <x F, —F+Wkn<x< H+ ka 


where k=1, 2, 3, ... (represent it on the number line!). 

2. Find the domain of the function 

cot x : 

Y= Vana woes 

This function is not defined for those values of x for which sin x — 
—cos x=0 (the denominator of the fraction must be different from 
zero), and, besides, for those x for which sin x— cos x<0 (because for 
these values of x the denominator assumes imaginary values). Thus, 
the domain of function (1) consists only of those values of x for which 
the inequality sin x— cos x>0 is valid; solving this inequality (see 
Problem 6, Sec. 1.10), we find 


44 Qhn cx < hy oem, k=0, £1, £2; «-. (2) 


However, it must be further noted that cot x is not defined for x=nn, 
where n is any integer. And so all the values of x=nn, n=0, 1, ..., 
likewise do not belong to the domain of the function and must be 
excluded from the resulting sequence of intervals (2). Thus, for the 
domain of function (1) we finally get the following set of real numbers: 


Ft ohn <x < m+ Oko, n+ hn <x< 4 kn, 
7 pol, ely Oe wa , 


3. Find the domain of the function 
y=V cos (cos x) -- arcsin te " (3) 


We consider each. summand separately. The domain of this function 
can only embrace those values of the argument for which the first 
term assumes real values, i.e. those values of x for which the radicand 
cos (cos x) is nonnegative: cos (cos x) > 0. It is easy to see (see Problem 
8 of Sec. 1.8) that this inequality holds true for all real values of x. 

Now let us examine the second summand. By definition, the exp- 
ression arcsin a is meaningful only for |a|<1 (see Sec. 2.5); in other 
words, only those values of x belong to the domain of function (3) 
for which |(1-++x*)/2x|< 1. However, it may be proved directly (see 
formula (3) of Sec. 1.8) that the inequality |(1-+.*)/2x|>1 holds 
for all nonzero real values of x, equality being achieved only when 


x=1 and x=—l, 
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Consequently, the domain of (3) consists of two points only: x= —1 
and x=1. i 

The foregoing examples show that in finding the domain of defini- 
tion of a function one has to invoke various branches of algebra and 
trigonometry. Only when these sections are fully mastered can the 
student tackle such problems with ease. 

The student should have a firm knowledge of the definitions and 
be able to investigate such general properties of functions as bounded- 
ness, monotonicity (intervals over which a function is increasing or 
decreasing), evenness and oddness, periodicity, and be able to find 
the range of a function, its zeros, extremal values, and the like, 

The investigation of the properties of functions is carried out with- 
out invoking the concept of a derivative, which is an element of 
mathematical analysis and is outside the school curriculum. 

The student should have a clear idea of a system of coordinates in 
the plane and be able to sketch, by memory, the graphs of the basic 
functions y=kx-+b (straight line); y=ax?-+bx-+c (parabola); y=k/x 
(hyperbola); y= |x— al; y=x*; y=Vix5 y=1/x%, y=a* (a> 0, a 1); 
y=logax(a>0, a1); y=sinx (sine curve); y=cosx; y=tan x; 
y=cotx. The student should be able to sketch the graphs of these 
functions in each concrete case, giving a general picture and the cha- 
racteristic peculiarities of behaviour of the curve and not be forced to 

compute each time a table of values and plot the curve. 

_ The student should also be able to illustrate geometrically on the 
graph the properties of a function. When relating some property (say, 
the oddness of the sine), the student sometimes sketches the appropria- 
te graph (sine curve) and then makes the mistake of saying “this pro- 
perty is evident from the drawing.” Such reasoning is faulty because 
it is precisely by using the property of the function that one can more 
or less accurately sketch its graph. For this reason, all the properties 
of a function must be demonstrated by rigorous analysis as is done in 
the standard textbook. 

Some examination problems call for constructing graphs of functions 
which are combinations of basic functions. Again, it is only the appro- 
ximate behaviour of the curve that is required. Plotting can then be 
used as an auxiliary aid. 

Let us examine some problems in which graphs are constructed by 
translation or a specific deformation of the graphs of basic func- 
tions. 

4. Construct the graph of the function y=2— 1/x. 

The domain of this function consists of all real values of x except 
x=0. If we consider the function y,=—1/x (which is a hyperbola 
whose branches are located in the second and fourth quadrants), it is 
obvious that for each value x=x, the value of y is greater by 2 than the 
value of y; for the same value x) of the argument. It therefore suffices 
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to translate the graph of the function y; 2 units upwards along the 
axis of ordinates to get the desired graph of the function y (Fig. 29). 

It is easy to see that this device enables us to construct the graph of 
ine function y=a-+f (x), where a is a given number, if we have already 
constructed the graph of the function y,=f (x): it is sufficient to translate 


J Io 


ef ens ca 


Fig. 29 


the graph of the function y, a units upwards if a>0 or |a| units down 
if a<0. 
5. Construct the graph of the function y= ai 


Evidently, x can assume all values except —4. Compare this fun- 
ction with the function y,=3/x. It is clear that the value of the fun- 
ction y corresponding to some value x=x, coincides with the value of 
y,, which corresponds to the value of its argument equal to x)-+4. For 


Fig. 30 


+— 
\ 


\ 
4\ 


example, the function y=3/(x+4), when x,=1, takes the value y= 
==3/5, and the function yi:=3/x assumes this very same value for 
the value of its argument equal to 5=x.+4. And so if we translate . 
the graph of the function y, four units to the left along the x-axis, 
we get the graph of the function y that we want (Fig. 30). 
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It is not so hard to figure out that this same method enables one to 
draw the graph of the function y=f (x-+b), where b is a given number, 
if we already have the graph of the function y;=f (x): it suffices to trans- 
late the graph of y, b units leftwards if b>>Oor |b} units rightwards 
if b<0. 

6. Construct the graph of the function y= we. 

To draw the graph, first transform the fraction and represent the 
function as 


_ 1,139 
Y=— 3 TBR 
Arguing as in Problems 4 and 5, we see that the graph of the proposed 
function is an “ordinary” hyperbola y=(13/9)/x translated 2/3 unit 
rightwards along the x-axis and 1/3 unit down along the y-axis (make 
the drawingl). i 
A similar device permits drawing the graph of any function 
_ax-+b 
Y= ed 
This is called a linear fractional function. Indeed, a simple transfor- 
mation permits writing this function as * 


ad— bc 
a 


as a 
It then remains to invoke the arguments given above in solving Prob- 
lems 4 and 5. 

Note that in the very same way, by combining remarks pertaining 
to Problems 4 and 5, we can readily represent the graph of a function 
y=a-+f(x-+b), where a and b are specified numbers, if the graph of the 
function y,=f (x) has already teen constructed. 

7. Draw the graph of the function y=log,(—x). 

Sometimes a student gives an answer like this: “The graph of the 
function does not exist since negative numbers do not have logarithms.” 
The mistake here is the failure to grasp the fact that —x does not by 
any means always represent a negative number. 

The domain of the function y under consideration is the set x<0, 
It is immediately clear that the value of this function, when X=—Xp, 
xo > 0, coincides with that of the function y;=log, x for the value x, 
of its argument. Hence, to obtain the graph of the function y it is 


* It is assumed here that c+ 0 (otherwise the function is simply linear) and that 
ad—bc# 0. If this latter condition is not fulfilled, then the original function, for all 
admissible x, is of the form y=, where & is a constant. For instance, the function 
y= (2x-+2)/(x-+1) can, in its domain of definition, i.e., when x—1, be written as 
y=2. Hence, the graph of this function is the straight line y==2 with point (—1, 2) 
deleted (but not the entire line y==2, as some students seem to think; cf, Problem 11), 
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sufficient to reflect the graph of the function y, about the praxis (Fig. 


31). 
It will be noted that this same device permits constructing the graph 
of the function y=f(—x) if we have the graph of the function y,= f (x): 
it suffices to reflect the graph of y, about the y-axis, 


Fig. 31 


8. Construct in a single drawing the graphs of the functions 
y= sinx, y,=sin2x, y,=—2sinx 
The student is not always able to give a proper representation of 
all three curves in a single drawing and correctly to indicate their 


mutual positions (Fig. 32), to indicate the peculiarities of each of the 
sine curves and to explain how théy are obtained one from another. 


For one thing, it is useful to remember that the smallest positive 
period of the function y=A sin wx, where m0 and A=40 are given 
numbers,* is equal to 2x/|w| (for instance the smallest positive pe- _ 
riod of the function y=—3 sin xx is the number 2n/n=2, and for 
the function y=1/4 sin(—x/3) is the number 2x/|—1/3]=6n), while 
its “amplitude” ’is equal to |A| (thus, the “amplitude” of the function 
y =— 1/2 sini 3x is 1/2). ; ; 

The foregoing of course refers also to all the other trigonometric 
functions. 

It is important to stress the fact that if is possible to construct the 
graph of the function y=Af(wx), where ox0 and A=0 are given 


* Clearly, in the casé of <0, this function can be represented as 


y= — Asin lolx, 
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numbers, if we know the graph of the function y,=f (x). First compress 
the graph of y; along the x-axis » times if m>0; but if o<0, then 
compress the graph of the function y,|o| times along the x-axis and 
perform a reflection with respect to the y-axis (see the solution of Prob- 
lem 7). Then take the resulting curve and stretch it along the y-axis A 
times if A>0; but if A<, then perform an |A |-fold stretching along 
the y-axis and a reflection about the x-axis. Of course, if Jo|<1, 
then the compression along the x-axis is actually a stretching; in the 
same way, the |A |-fold stretching along the y-axis for |A|<1 is actu- 
ally a compression. 

Note particularly an important special case: if the graph of the 
function y,=/(x) has been sketched, the graph of the function y= 
= —f (x) can be obtained from it by a reflection about the x-axis, 

9. Construct the graph of the function y=sin[2x—(zx/3)]. 


Fig. 33 


Representing the given function in the form y=sin 2 [x— (n/6)], 
we see immediately that for every value x==xo the value of y coincides 
with the value of y;=sin 2x, which corresponds to the value x,— 
— (x/6) of its argument. And so to construct the graph of y, draw 
the graph of y, and then translate it x/6 units rightwards along the 
x-axis (Fig. 33). Be , 

A very common mistake in constructing the graph of the function y 
is as follows: the graph is drawri of the function y, and it is the 


n 
translated rightwards by n/3 units along the x-axis (Fig. 34). It is 


Fig. 34 


easy to see that this construction is incorrect, because the graph cros- 
ses the x-axis at the point x/3 (since the graph of the function y, cuts 
this axis at the origin and is then translated x/3 units rightwards!). 
Yet the value of the function y is clearly nonzero for the value of the 
argument x=n/3, ; 

The technique used in this specific instance enables one to construct 
the graph of any function of the form y=Asin(@x+@), y=Acos(ox-+- 
+9), y=A tan (ox+Q), etc,, and also y=a sin wx-++b cos wx, 
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This technique is of a general nature and permits obtaining the graph 
of a function y=f(wx-+@), where o#0 and & are specified numbers, 
if the graph of the function y,=/ (x) has already been drawn: it is suf- 
ficient to draw the graph of the function y,==/ (x) (it may be obtained 
py the method indicated in the solution of Problem 8) and then to 
translate it along the x-axis rightwards by an amount|g/o| if p/o<0 
or leftwards by @/@ if p/w > 0 (see Problem 5). 

It is sometimes useful to first transform the formula defining the 
functional relation; then the graph is readily drawn. In particular, 
it is always desirable to represent a complicated functional relation- 
ship as an easily surveyable combination of elementary functions, the 
graph of which combination is obtainable by familiar techniques (that 
was precisely how we constructed the graph in Problem 6). 


Fig. 35 


10. Construct the graph of the function y=sin? x. 

Since this function may be written as y=1/2—1/2 cos 2x, the graph 
of the function y is obtained by familiar techniques: the cosine curve 
y=—ll2 cos 2x, which is constructed by the technique described 
in the solution of Problem 8, must be translated 1/2 unit upwards 


(Fig. 35). 
11. Draw the graph of the function 
i 
y= login * (4) 


Employing familiar formulas involving logarithms, we see that. 
I/logiex ==yxlogel0 —10, whence students often conclude immedia- 
tely that the graph of the function (4) is the straight line y=10. 

This conclusion is incorrect however. It is necessary to ‘take into - 
account the domain of definition of the function and the conditions 
under which the transformations that are carried out are legitimate. 

The domain of the function (4) consists of the real numbers which 
satisfy the conditions: x>0, +1. Under these conditions, it is 
jegitimate to carry out the transformation indicated above. And so 
the graph of the function (4) is the half-line y=10, x>>0 with the 
point (1,10) deleted (Fig. 36, the arrowhead at any point indicates 
that that point does not belong to the graph). ; 

12. Sketch the graph of the function 


y= logy: (x5) + log, V fe— 4x4 1 (5) 
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First of all, perform an identity transformation of the second. sum- 
mand (see Sec. 1.4): 


_ a ; 
log, V 4x®—4x-+ 1 = log, V Qx— 1)? = log, |2x—1]=1-++ log, |x| 


It is now clear that the domain of the function y is the set x>> 1/2 
(because the second term in the formula defining this function is 


Fig. 36 


meaningful for all x54 1/2, while the first is meaningful only for x > 
> 1/2). However, 


the equation logis (x—1/2)=—log, (x—1/2) is 
true for x> 1/2, and, hence, in its domain (x> 1/2) function (5) can 
be written y=1. 


Thus the graph of the function y is the ray y=1, x >1/2 (Fig. 37, 


the arrowhead at the point (1/2, 1) signifies that this point does not 
belong to the graph of the function (5)I. 


Fig. 37 


Students often find it difficult to construct graphs of functions 
whose analytic expressions involve the absolute-value sign. The next 
few examples illustrate how the graphs of such functions are construc- 
ted. 


13. Construct the graph of the function y= |2 — 2*|. 

First note that the proposed function can obviously be written in 
the form y=|2*—2. 

Consider the auxiliary function y,=2* 
readily drawn (by the technique described in the solution of Problem 
4). How does the graph of the function y differ? 

Recall the definition of absolute value; from this definition (see 
formula (2), Sec. 1.4) it follows that 


—2, the graph of which is 


that is, for x>1, 
— (2*— 2) for values of x for which 2*—2 <0, 
that is, for x< 1 


2*—2 for values of x for which 2*-2>0, 
r-| 
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It is then clear that the graph of the function y, for x21, coincides 
with the graph of the function y, and, for x<1, is a curve symmetric 
to the graph of the function y, with respect to the x-axis (Fig. 38). 

In precisely the same way we can obtain the graph of the function y= 
=| f (x)| if the graph of the function y,=f (x) has been drawn. It suffices 


J 


Fig. 38 


to replace the portions of the graph of y, lying below the x-axis by 
corresponding portions symmetric with respect to the x-axis [to find 
these portions we have to solve the inequality f (x)<0l. 

14. Construct the graph of the function y=||x-+1|— 2|. 

Here, without dropping the absolute-value signs, we can carry out 
the construction using the techniques indicated in the solution of 
Problems 6 and 13. Indeed, taking the graph of the function y,= |x| 
(Fig. 39), translate it one unit leftwards along the x-axis and two units 


Fig. 39 


downwards along the y-axis. This yields the graph of the function 
y= |x+1|-—2. Then replace the portion of the graph below the x-. 
axis corresponding to —3<x<l, by the portion symmetric to it 
about the x-axis. The resulting polygonal line is the graph of the func- 
tion y. 

The general technique for constructing the graph of a function whose 
analytic expression contains an absolute-value sign consists in re- 
writing the expression of the functional relationship without using the 
absolute-value sign (see Sec. 1.4). In this case, the functional relation- 
ship on different portions of variation of the argument is, as a rule, 
described by different formulas. Quite naturally, on each of these 
portions, the graph must be constructed on the basis of the appropri- 
ate formula. 
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15. Construct the graph of the function y=x?— 2\x|— 3. 

To get rid of the absolute-value sign, consider separately two cases: 
x>0 and x<0 (see Problem 1 of Sec. 1.4). If x>>0, then y==x?—-2x—3, 
It is easy to draw this parabola, then we take that portion which cor- 
responds to nonnegative values of x. But ifx<0, then y=x?+2x—3, 
Draw this parabola and take that portion which corresponds to nega- 


tive values of x. Taken together, the two pieces of the parabolas con- 
stitute the graph that interests us (Fig. 40). 


Fig. 40 


16. Construct the graph of the function 
y= (\x+-1|+1)(x—3) (6) 


By the definition of absolute value we can represent this function 
in the form 


[(x-+ 1) + 1] (x—3) = (x +2)(x—3) ifxt—1, 
=| [— @+1)+ 1] @—3)=—x(x—3) ifx<—1 


It now remains simply to sketch the curve, using the appropriate for- 
mula, for each of the indicated intervals (x>>—1 and Xx<—1). To- 
gether, the two curves yield the graph of function (6). 

Let us first consider the function y,= (x-+2)(x— 8). Ordinarily, 
students remove the brackets and perform a rather lengthy procedure 
of isolating a perfect square, whereas it is better not to remove the 
brackets because it is at once clear that this is a parabola, the graph of 
a quadratic trinomial; the parabola intersects the x-axis at the points 
A (— 2, 0) and B(8, 0) ( 


because — 2 and 3 are the roots of the trino- 
mial) and its branches are directed upwards (since the leading coef- 


ficient is positive). Substituting the value x=0 into the formula for 
the function y,, we get the coordinates of the point C of intersection 
of this parabola with the axis of ordinates (y-axis): C(O, — 6). It is 
also easy to find the coordinates of the vertex D of this parabola. Since 
the parabola is symmetric about the vertical straight line passing 
through the vertex, its axis of symmetry bisects the line segment 
AB. It is therefore clear that the abscissa of the vertex is equal to 
\/2; the ordinate is computed directly and we get D (1/2, — 25/4), 
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Having constructed the parabola—the graph of the function y;—we 
must isolate that portion which corresponds to the values x >> — 1 of 
the argument (Fig. 41). 

The construction of the graph of the function y.=—x(x—3) is 
similar. Take only that portion of the parabola which corresponds 
to ‘the values x<<—1 of the argument. The graph of function (6) is 
shown in Fig. 41 by the solid line. 


Fig. 41 


17. Construct the graph of the function 


3 tlet 
Y= e384 le—1| (7) 


We first find the values of x for which each of the expressions under 
the absolute-value sign vanishes; they are — 3, —1, 1, 3. By consi- 
dering function (7) on each of the five intervals into which these values 
partition the number line, we obtain the following notation: 


(deat fee: 


x+1 
1. ; 
| —F4+5 if —3< x <—l, 
4 


1 if —l<x<1, 
a ifl<x<3 
(isa if 3<x 


The subsequent construction now follows familiar techniques (Fig. 42). 


Fig. 42. ee f 
7 ee a a a 


It will be noted that if x increases without bound, the graph of 
the function (7) approaches without bound the straight line y=1, 
remaining all the time below it; but if x decreases without bound, 
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then the graph approaches the same line without bound, remaining 
all the time above it. 
18. Construct the graph of the function y=|sin x|+ [cos x|. 

When drawing the graph of a periodic function it is often helpful 
to know that all values of such a function are repeated in every period. 
Thus, if a periodic function is given with period 7, then it is sufficient 
to construct the graph on some segment of length T;. for O<x<T, 
the portions of the graph on the intervals T< x< 2T, 2T< xx 3T, 
—T<x<0, etc., will have the very same shape. 

[t is clear that the number 2m is the period of the function y under 
consideration so that we can confine ourselves to the interval O< x< 
< 2n. Partitioning this interval into four parts in each of which both 
sin x and cos x preserve sign, we get 


( V2sin(x+7) if 


0 
V2sin (x4) if 5 <Sx<n, 
Y= ut 
—V2sin (x +4) if nxix< 
3. 


—V2sin (x—F) if S<cx<2n 


Wenowconstruct the graphs of y,=//2 sin[x+(x/4)] and y,=V/ 2s 
x sin [x—-(x/4)] and then we take the portion of the curve y, on the in- 
terval from 0 to 1/2, the portion of the curve y, on the interval from 
n/2 to «; and on the intervals from m to 3n/2 and from 3x/2 to Qn, 
we take the curves that are symmetric, about the x-axis, to the cor. 
responding portions of the curves y; and y,. Then, taking advantage 
of periodicity, we extend the resulting curve beyond the interval 
O<x<2n (the solid line in Fig. 43). 


Fig. 43 


“7 
7 


It is clear from this graph that 1/2 is the period of the given fun- 
ction so that we were overcautious in considering the interval from 0 

to 2x. If we had realized from the very start that 2/2 is the period of 
_ this function—and this is easy to demonstrate: 


| sin (++ $)|+|cos (2+ $)]=|cos.x|-+| sin x| 


‘then the graph could be constructed much faster. This example shows 
that a careful preliminary analysis of the properties of a given fun- 
ction very often appreciably simplifies the construction of the graph, 


1.13 Graphs of functions 209 


19. Graph the function 
sin x cos x (8) 


4 Vitam Y I+cot? x 


At first glance this function might appear to be very complicated. 
However, by transforming the formula defining the given function we 
obtain a simpler notation for (8) that will permit drawing the required 
graph with comparative ease. 

First of all, note that the domain of the function (8) is the entire 
number line with the exception of the points x=nn/2, where n is 
any integer (at each of these points, either tanx or cotx -becomes 
meaningless). : 

Since for xs£nn/2 the. equations 


> ane aE I ll. F rae ae 1 : 
Vi+tantx= a) Vi foot? x= 7 


are true, it is clear that the function (8) can, in its domain of defini-. 


tion, be written as 

y=sin x-|cos x]-+ cos x-|sin x| 
This is a periodic function with period 2x. The graph can be constru- 
cted as was done in Problem 18. It is shown in Fig. 44. Note once 


again, however, that the function (8) is not defined at the points x= 
=nn/2, n=0, £1, +2,....Inthe figure this is indicated by arrow- 


heads at the endpoints of the segments of the curve. 


Fig. 44 


We will now consider some instances of the construction of compli- 
cated graphs in which the foregoing elementary devices do not suffice. 


Each of these examples has its peculiarities that must be taken into ~ 


account when sketching the graph. In solving problems like those 
given below, one often has to reason in quite an unorthodox manner, 
so to speak. The approach should be to get onto an item that will 
give some clue to the construction. 

20. Graph the function y= tt . 

Representing the given function as y=x-+(1/x), we apply a techni- 
que called, addition of graphs, which means that the desired graph is 
constructed by “combining” two auxiliary graphs, y:=x and Y= I/x. 
In other words, for each admissible value of the argument (that is, 
for every x =+£0) the corresponding ordinate y is built up as an alge- 


14—3480 
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braic sum of the ordinates y, and y, corresponding to the same valup 
of the argument (Fig. 45). 

It is easy to figure out the shape of the graph of the function on the 
positive x-axis: for each value x>>0, the corresponding ordinate Qf 
the straight line y;=.x has to be increased by an ordinate of the hypen_ 
bola y.=1/x corresponding to the same value of x. It is quite obvious 


Fig. 45 


that for a positive x tending to zero, the expression x-++(1/x) tends ty 
‘roo (increases without bound), and for x tending to -+oc, the desirey 
graph approaches the bisector y,;=x without bound, since the summany 
1/x becomes smaller and smaller. It is easy in this case to determine 
the smallest value of the function y (recall that so far we are on] 
considering positive values of x): indeed, when x>0 the inequalit 
x-+(1/x)> 2 (see Sec. 1.8) holds true, which is to say the smallest valup 
is equal to 2 and is reached when x=].* 

Construction of the graph is similar on the negative x-axis as well. 
Incidentally, we could take advantage of the fact that the function y 
is odd and, hence, its graph is symmetric about the origin. 

21. Construct the graph of the function y=x sin x. 

Take advantage of the fact that the formula defining this function is 
a product and we apply a technique called multiplication of graphs, 
The required graph will be constructed by “multiplying” two auxiliary 
graphs y,==x and y.==sin x. In other words, for each value of the 
argument, the corresponding ordinate y is constructed as a product 

. of the ordinates y, and y, which correspond to the same value of the 
argument (Fig. 46). 

We first construct the graph of the function y for nonnegative values 

of the argument. For each value of x we multiply the value of the cor- 
.Tesponding ordinate of the straight line yi==x and the value of the or- 
dinate of the sine curve Y2=sinx, and are thus able to construct a 


* It is somewhat more ditticult but quite accessible to the student to prove that 


xt (ix) monotonically decreases when 0<x <1 and monotonically increases for 
+> 
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smooth curve that gives an approximate idea of the behaviour of the 
graph of the function y on the nonnegative x-axis. The aspect of the 
curve can be improved somewhat by plotting a few characteristic 
points. First of all, it is clear that y=0 for those values of x for which 
sin x=0, and so the graph of the function y crosses the positive x-axis 
at the points x==kn, k=0, 1, 2, .... Furthermore, for x>0 the 
obvious inequality —x < xsinx <x holds true; this means that for 


Fig. 46 


positive values of the argument the graph of the function y does not 
extend above the straight line y=. or below the straight line y=— x, 
In this case, the points of the graph of the function y that correspond 
to the values of x>0 for which sinx=1, i.e., to the values x= (1/2)+ 


--2kn, k=0, 1, 2,..., lie on the straight line y=x, and the points 
corresponding to the values of x>>0 for which sinx=— 1, i.e., to the 
values x=(37/2)+2kn, k=0, 1, 2, ..., lie on the straight line y= 
=—X, 


It is very easy to construct the graph of the function y on the nega- 
tive x-axis: the function y is even and so its graph is symmetric about 
the y-axis. 

29. Sketch the graph of the function y=2'/*, 

Here we have to construct the graph of a function of a function. 
Such composite functions occur rather often at examinations. To graph 
such a function, the student must know the properties of the basic 
elementary functions and have a clear-cut idea of the consequent 
properties of combinations of these functions. 

The domain of the function y consists of all real numbers except 
x=0. Since for x>>0 the exponent I/x>0, it follows that y>1 for 
all positive values of the argument, by the property of an exponential 
function. Note that y=2 when x=1. If x increases without bound, 
then the expression 1/x decreases to zero monotonically, remaining 
positive (see the properties of a hyperbola), and so 21/* decreases 
to unity monotonically, remaining greater than unity (by the proper- 
ty of an exponential function). When x is positive and tends to zero, 
the exponent 1/x increases without bound and, hence, 2'/* also in- 


14 
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creases without bound. This enables us to sketch a graph of the fun. 
ction y when x>0. 

It is easy to demonstrate that the inequality O0<y<1 is true on 
the negative x-axis. Using similar reasoning, we construct the graph 
of the function y for x< 0 as well (Fig. 47; the arrowhead at the origin 
indicates that the origin does not belong to the graph). . 


Fig. 47 


23. Construct the graph of the function 
y= [—Qi+sin (x+1) 


If we represent ‘this function as 
y=i+ (— 2) -Qsin (x+1) (9) 
then it is clear that having the graph of the function y,=Qsinx it 


is easy to obtain the graph of the function y by means of techniques 
discussed in the solution of Problems 4, 5, and 8. 

And so let us first tackle the graph of the function y;. This is a 
periodic function with period 2n; therefore, all we need to do is draw 
the graph on the interval O< x <2n (see Problem 18). 

For x==0 the function y, assumes the value 1, If x is increased from 
0 to n/2, then sinx monotonically increases from0 to 1 and Qsinx mo- 
notonically increases from 1 to 2. If x then increases from x/2 to 3n/2, 
then sin x monotonically decreases from 1 to —] and 2s!n* monoto- 
nically decreases from 2 to 1/2; in particular, for x=n the function y, 
takes on the value 1. Finally, if x increases from 31/2 to 2x, then sin x 
monotonically increases from —1 to 0 and Qsinx monotonically 
increases from 1/2 to 1: the function yi has the value 1 for x=2n, 
All these statements about the behaviour of the function y, follow 
from the properties of a sine function and an exponential function 
(it is left to the reader to put a rigorous foundation under these state- 
‘ments)..They permit determining the approximate behaviour of the 
graph of the function y, when O<x<2n; it then remains to extend 
the resulting curve periodically over the entire x-axis (in Fig. 48, the 
graph of yi is shown as a dashed line). 
"Everything. is now ready for the construction, using rormula (9), 
of the graph of the function y. First translate the graph of the function 
y: one unit leftwards along the x-axis; this yield a curve which is 
the graph of the function y,=Qsin(x+1) {see Problem 5). It is also a 
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periodic function (with period 2n). It has a maximal value of 2 which 
it assumes at the points x*==(x/2)—1+2kn, R=0, +1, +2, ...,. 
it has a minimal value equal to 1/2 which it takes on.at the points 
x** == — (n/2)— 142kn, R=0, +1, +2, ... (Fig. 48). Stretching the 
curve y2 by a factor of 2 along the y-axis and then reflecting it about 
the x-axis, we construct the graph of the function ys=(— 2): 28" @+)) 


Y 


™ 
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Fig. 48 


(see Problem 8). Note that this periodic function has a maximal value 
of —I and a minimal value of —4 (Fig. 48). Finally, the graph of the 
function y is obtained by translating the curve of ys up one unit on 
the y-axis (see Problem 4). 

The graph (solid line in Fig. 48) conveys the basic features of the 
behaviour of the function y. This is a periodic function (with period 
2n) which vanishes at the points x**=— (/2)—1+2kn, R=0, +1, 
+2,... (with 0 the maximal value) and assumes a minimal value of 
— 3 at the points x* =(n/2)—1+2kn, k=0, 1, +2, ...- The fun- 
ction y varies monotonically in between the extremal values. When 
x=0 the function y is equal to 1—2!+sint (note that sin 1 is the 
sine of an angle of one radianl). 

Of course, Fig. 48 gives only a rough idea of the graph of the fun- 
ction y, but that iss much as is ordinarily required at an examination, 

24, Construct the graph of the function y=log, (l— x’). 

First draw the graph of the auxiliary function y:=1— x°. This para- 
bola is shown in Fig. 49 by the dashed line. It is then necessary to 
construct the graph of the logarithm of this function. 

For x=0 we have y=log,1=0. If x is increased from 0 to 1, 
then, as may be seen from the graph of the auxiliary function, 1— x? 
decreases from 1 to 0 and so log,(1— x*) decreases ffom 0. to —oo. 
Similarly, if x decreases from 0 to —1, then 1—x? decreases from | to 
0 and log, (1 —x?) decreases from 0 to —oo. For the remaining values 
of x, that is, for. x<—I and x51, we have 1—x’<0, so that 
log, (1—x?) is meaningless. The graph of the function y is shown in 
Fig. 49 as a solid line. 

Note that in the construction of this graph we did not start out by 
finding the domain of the function, which was obtained almost auto- 
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matically. A preliminary determination of the domain of a function is 
frequently very useful, however. 

25. Construct the graph of the function y=loggin x 1/2. 

The domain of this function is the collection of all values of x for 
which, simultaneously, sin x>>0 and sin x541, that is, the set 


kn <x< 5+ Oka, $4 kn <x < (2k+ Ia, 
k=0, +1, +2, .. 


The function y is clearly periodic with period 2x. And so we can 
confine ourselves to an interval of length 2x, say, the intervalO< x< 


Fig. 49 


< 2n. But not the whole of this interval lies in the domain of the fun- 
ction: the function is meaningful (over this interval) only forO<x< 
<n/2, n/2<x<n. It is precisely on these intervals that we first 
of all have to construct the graph (then we can simply extend it over 
the entire domain because of its periodicity). 

It will be seen that the function y can, in its domain, be rewritten 
as 
o 1 
~ logy 7, sin x 


y (10) 
We first of all construct the graph of the auxiliary functiony;=log, osinx. 
It will only interest us over the interval O<x<n. Taking the 
piece of the sine curve y.=sin x corresponding to this interval, we can 
use the same method as in the preceding problem (don’t forget that 
the base of the logarithm 1/2< 1) to obtain the graph of the composite 
function y; (Fig. 50, the auxiliary graphs y, and y, are depicted by 
dashed lines). 

We now consider the interval O<x<n/2. Since for any value of x 
in this interval, the corresponding value of the function y is the re- 
ciprocal of tle value of y, corresponding to the same value of the argu- 
ment [see (10)], it is easy to obtain a rough sketch of the graph of y for 
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0< x<¢ n/2 (the solid line in Fig. 50; the arrowhead on the curve at 
the origin indicates that this point does not belong to the graph). 

It is easy to prove that by using familiar properties of elementary 
functions: the function y monotonically increases when x varies from 0 
to 1/2; if x increases from 0 to x/2, then sin x increases monotonically 


Fig. 50 


from 0 to 1, and then log/2sinx decreases monotonically from 
--oo to0; and hence, [see (10)], the value of y increases monotonically 
from 0 to +-oo. Let us stress that if x approaches 1/2, remaining all 
the time less than this value, then the value of the function y, tends 
to zero, remaining all the time positive, and therefore the. value of 
y increases without bound. But if x approaches zero and remains po- 
sitive, then the value of y, increases without bound and so the value 
of y tends to zero (although it does not take on the value 0). 

The construction is similar for the graph of the function at hand 
when n/2<x<n. 

It is useful to note that just about the same reasoning as is used in 
the construction of the graph of the function y on the basis of the 
graph of the auxiliary function y, [through the use of formula (10)] 
enables us fo construct the graph of y=1/f (x) if the graph of the function 
gi=/(x) is known. 

Considering Fig. 50 in more detail, we note that we did not obtain a 
complete description of the behaviour of the graph of the given fun- 
ction in the foregoing solution (for instance, the fact that this graph 
is bent in the specific way as it is shown in the figure was not even 
discussed). But this is not required since it goes beyond the scope 
of the elementary means at the disposal of the student. And a rough 
sketch of the graph can, as we have seen, be made with relative ease. 

True, the.shape of the curve could be improved a bit by computing 
a table of values of the function for “convenient” values of the argu- 
ment and taking these into account when drawing the curve. As a 
rule, examination questions do not require such-improvement. The 
important thing is to be able to sketch a curve that conveys the 
general aspect and characteristic features of the graph. : 

26, Construct the graph of the function y=sin x*, 
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First of all, do not confuse the notation sin x? with sin? x: the for. 
mer means sin (x?), the latter means (sin x)?. 

Let us first consider the nonnegative values of the argument ang 
partition the semi-axis x20 into intervals over which the function , 
increases or decreases. If x? increases from 0 to 1/2 (which is to sq 
that x increases from 0 to V 2/2), then sin x? increases from 0 to 1; jf 
x? increases from 1/2 to 3n/2 (i.e., x increases from Vn/2 to V3x/9 
then sin x? decreases from 1 to —1; if x® increases from 3n/2 to 5n/9 
(i.e., x increases from V 3x/2 to V 5/2), then sin x? increases from 
—1 to 1, and so on. The graph of the function y therefore is of a 
wavelike nature with an amplitude of 1 (Fig. 51).* It is easy to 


Fig. 51 


obtain the x-intercepts of this graph: all you have to do is solve the 
equation sin x?=0. It is clear that the nonnegative roots of this equa- 
tion are the numbers x=/kn, k=O, 1, 2, .... 

On the negative x-axis, the graph is drawn at once since the function 
y is even. 

We conclude this section with some problems of a different nature 
but also connected with graphical constructions in the plane with a 
specified coordinate system.’ 


_ 27. Find a set of points, in the plane, whose coordinates x and y satisfy 
the system of inequalities 


5x-+3y>0 
» Yrw<2 Att) 


From the first inequality we have y>>— 5x/3. We first of all graph 
the function y= —5x/3 (Fig. 52). Then the points whose coordinates 
satisfy the equation y=—5x/3 lie on the constructed straight line 
and the points whose coordinate y exceeds — 5x/3 will lie above this 
line. Thus, the set of points whose coordinates satisfy the first ine- 
quality of (11) will constitute the half-plane lying above the straight 
line y= —5x/3 (the straight line included; in Fig..52 this region is 
denoted by vertical hatching). 

Similarly, from the second inequality of (11) we have y<t2x+-2 
so that the set of points whose ccordinates satisfy the second inequality 


“ It will be noted that y=sin x? is not a periodic function. 
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of (11) will constitute the half-plane lying below the straight line 
y=2x-+2 (the line itself is not included; in Fig. 52 this region is indi- 
cated by horizontal hatching). 

Hence, the points of the plane whose coordinates x and y satisfy 
the system of inequalities (11) lie in the common portion (intersection) 


Fig. 52 


of the two resulting half-planes; this is an angular region (in Fig. 52 
the desired set is indicated by double cross-hatching). Here, one of the 
bounding rays of the region—a piece of the straight line y= —5x/3— 
is included in the sought-for set, while the other—a piece of the 
straight line y=2x-+-2—is not included (the vertex A of the angular 
region, the intersection point of the straight lines y== —5x/3 and y= 
==2x-+2, does not belong: to this set either). 

28. Determine the set of points, in a plane, whose coordinates x and y 
satisfy the relation ' 


Ixtyl=lyl—* | (12) 


As in the solution of other problems involving absolute values, it 
is useful first of all to attempt to get rid of the absolute-value sign, 


gy 
15° 


Fig. 53 


To do this (see Fig. 53), construct straight lines in the plane: x--y=0 
(the bisector AOB of the second and fourth quadrants) and y=0 (the 
axis COD of abscissas). Clearly, the coordinates x and y of any point 
above the straight line x-+-y=0 satisfy the inequality x+y>9, and 
for any point below this line the inequality x+-y<0 holds, Similarly, 
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any point in the upper (relative to the x-axis) half-plane has a positi- 
ve ordinate, and any point in the lower half-plane has a negative ordi- 
nate. 

These straight lines partition the plane into four regions (Fig. 53), 
and it is clear that in each one of these regions the expressions. x-+-y 
and y preserve sign for all points (x, y). It is therefore advisable, in 
each of these regions, to seek separately: the points whose coordinates 
x and y satisfy the relation (12). 

For any point (x, y) of Region I (the angular region DOA including 
the bounding rays as well) we have the inequalities x+-y>0, y> 0. 
Hence, in Region I relation (12) takes the form x-+-y=y—x, or x=0. 
But this last equation is satisfied by the coordinates of the point of 
the positive y-axis (by no means all the points of the y-axis, since we 
are only interested in those points which lie in Region I, and the nega- 
tive y-axis does not belong to this region), 

For any point of Region II (the angular region AOC; of the bo- 
undary rays only the ray CO is included) we have the inequali- 
ties x-+y<0, yS>0, and for this reason relation (12) takes the 
form — (x+y) =y—.x, or y=0, in Region II. This latter equation 
is satisfied by the points of the negative x-axis (the other points of 
the x-axis do not lie in Region II), 

The inequalities x+y<0, y<0 hold for any point of Region ITI 
(the angular region COB excluding the bounding rays), and so relation 
(12) in Region III assumes the form —(x-+y)=—y—x, or 0=0. This 
means that the coordinates of any point of Region III satisfy relation 
(12). 

Finally, for any point of Region IV (the angular region BOD in- 
cluding only the ray BO) we have x+y>0, y<0, and so relation 
(12) in Region IV assumes the form x-+-y= — —x, or -x-+y=0. This 
latter equation is clearly satisfied by those points of Region IV which 
lie on the bisector of the fourth quadrant. 

Thus, in the plane, the set of points whose coordinates x and y sa- 
tisfy relation (12) is the angular region between the negative x-axis 
and the bisector of the fourth quadrant (including the bounding rays) 
and the positive y-axis (Fig. 53). 

29. A system of Cartesian ‘coordinates is given in a plane. Represent 
the region of this plane filled with all the points whose coordinates sa- 
tisfy the inequality 

log,log, x > 0 (13) 


Note right off that x and y which satisfy condition (13) are such 
that x>0, y>0, x541 and y=41. Since the properties of logarithms 
are different for bases that exceed unity or are less than unity, it is 
natural to consider two cases. 

(a) Let x>1. Then by the properties of logarithms, the inequality 
(13) will hold true if the inequality logyx> 1 is valid. It will be recal- 
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led that the logarithms of numbers greater than unity to a base less 
than unity are negative. And so the inequality log,« >> 1 cannot be 
valid for y in the interval O<y<l. 

Thus, the inequality log, x>1 can hold only when y> 1. But if 
y> 1, then all x>y will be solutions to the inequality log,x>1. 

Thus, if x>>1, then for inequality (13) to hold, y must be greater 
than unity: y>> 1, and the original inequality will be satisfied by those 
points for whose coordinates the condition x>y is also valid. 

If we depict the set of these points in a drawing, it will be seen that 
the set is the interior of the angular region CBD (Fig. 54). 


Fig. 54 


(b) Now let 0<x<1. Reasoning in similar fashion, we find that 
the condition of the problem is satisfied by points for. whose coordina- 
tes the conditions O0<y<I and y<x are fulfilled. The set of these 
points is the interior of the triangle AOB (Fig. 54). 

Consequently, points whose coordinates satisfy inequality (13) 
form the region cross-lined in Fig. 54 [the coordinates of the boundary 
points of this region do not satisfy relation (13)]. 

30. Find all the points, in the plane, whose coordinates x and y satisfy 
the inequality 

cosx—cos y > 0 


Using a familiar trigonometric identity, rewrite the given inequality 
as : 

eo XEY os YX 

sin sin-5- > 0 
This inequality holds true for all points whose coordinates x and y 
are such that the expressions A=sin[(x+-y)/2] and B=sin [(y—x)/2] 
have the same signs. 

Let us first investigate the expression A. Solving the equation 
sin [(x-+y)/2]=0, we find x-+-y=2kn, k=0, +1, 2,...- Geometri- 
cally, this signifies that the expression A reduces to zero only the co- 
ordinates x and y of points in the plane which lie on one of the straight 
lines y=—x-+2kn, k=0, +1, £2, ... (in Fig. 55 these straight lines 
are indicated by solid lines). For the sake of brevity, we denote by 
M,, the straight line y=—x-+2kn for integral k (thus, the straight 
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line M, is the bisector of the second and fourth quadrants, M_, has 
the equation y= —x—2n, etc.). 

All the straight lines M, are parallel and partition the plane into 
strips. Let us agree to call the strip between two adjacent lines Mi, 
and M;41 the strip {M;, Mi+41}, the lines M, and M,41 themselves 
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Fig. 55 


not being included in this strip. For example, {Mo, My} is the strip 
between the straight lines y=—x and y=—x-+2n, that is, the set of 
points whose coordinates x and y satisfy the inequality 0<x-+-y< 2m, 
Analogously, in the general case, the strip {M;, My4+1} is the set of 
points whose coordinates x and y satisfy the inequality 2kn<x+y—< 
<2(k+1) x. 

Now let us determine the set of points whose coordinates x and y 
satisfy the inequality sin[(x-+-y)/2l>0. This inequality can easily 
be solved; it is valid for 


2.2nn x+y <2(Qn+1)n, n=, +1, +2, ... 


Geometrically, this signifies that the expression A is positive for the 
coordinates x and y of all points lying in each of the strips {M,.,, 
Mon4i}, n=0, £1,/42, ..., ie., in each strip bounded from below 
by the straight line M., with even index and from above by Mon 41. 

In the same way, by solving the inequality sinl(x-+y)/2]<0 we 
convince ourselves that expression A is negative for the coordinates 
x and y ofall points lying in each of the strips {Mon -1, Mon}, n=0, 
=E1, +2,... . In each of the strips {M,,, My, +1} of Fig. 55 is indicated 
the sign of expression A: the strips where 4 >0 are marked with ho- 
rizontal lines, the strips where A<O are marked with vertical lines. 

Let us now examine expression B. Similar Teasoning shows that 
expression B is made to vanish by the coordinates x and y of points 
lying on the straight lines y=x-++2mmn, m=0, 1, +2, ... (these lines 
are shown dashed in Fig. 55). For integral m we denote the'straight line 
y=x+2mn by N,,, and we will agree to call the strip between adjacent 
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lines N,, and Nmai the strip {N,,, Nm4+1} (the straight lines V,, and 
Nm+1 themselves do not belong to this strip). It is easy to verify that 
the strip {N,,, Nin+i} is a set of points whose coordinates x and y 
satisfy the inequality 2mn<y—x<2(m+1) a. 

Solving the inequalities B>>0 and B<0, we see that B is positive 
for the coordinates x and y of all points lying in each of the strips 
{Nop, Nop i}, p=0, +1, +2, ..., which is to say in each strip boun- 
ded from below by the line N., with even index and from above by 
Nop +1. Furthermore, the expression B is negative for the coordinates 
x and y of all points lying in each of the strips {Nap-1, Nop}, p=0, 
+1, +2,... .In Fig. 55, in each strip {N,,, Nm4+i} is indicated the 
sign of the expression B: strips with B>>0 are marked with vertical 
lines, those with B<<0 are marked with horizontal lines. . 

It is now easy to describe the set of points, in the plane, whose co- 
ordinates x and y satisfy the inequality A-B>>0: it includes all rec- . 
tangles (excluding their contours) which are double cross-hatched in 


Fig. 55). 


Exercises 


Find the domains of the following functions. 


1. y=5 V 1—4x3, 2. y= logy—y (2Q—x—2?). 
3. ys=arecos 2!*1, 4. y=arcsin (tan x). 
Be ys / x-2 (x—2) (x3). 6. y= V lok cos (20x). 
Construct the graphs of the following functions, 
7. y=, 8. y=n(x+1). 
9. y=x(1—x). 10. y=X?+5| x—1]+1. 
it. y= |— 3x42 ]/—] 2x—3}]. 12, y=|_x°—3x+2|+]5—x]. 
13, y=(x-+1) (x |—2). 14, y=|x-4-1|-(/2|—2). 
15. ya ett, 16. y=. 
17. y=1—1/[x]. 18. y=(1/3)~ 2442, 
19, y= 2-3xt1—1, 20. y= 10~'*", 
21. y=— logyy (2x-+ 1). 22. y= logiys 2. 
23. y=| log, j_%°|- 24. y= V logy sinx. 
25. y==sin? x-+ cos? x. 26. y= sin® x-—cos? x. | 
27, y= V 3 sin 2x -+-cos 2x. 28. y=2sin| 2x]. 
29. y= 2 tan [—~ 2x+ (7/4)]. 30. y==— cos? [x—(2/6)]. 
31. y=1-+-Y «x. 32. y==x-+sin x. 

1 1 \tanx 
33. y= log), re 34. y= (+) . 
35. y==log — tanx. 36. y=sin (arccos x). 


37. y= cos 2x— V 1— sin 2x (sin x-+-c0s x), 
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How do the graphs of the following functions differ? 
40. yy=loggx® and) = yp = 2 logs x. 

4. y,=2!%* and = y,=x. 

42. yy=tanxcotx and y,=1]. 


Sketch, in a plane wit' a given coordinate system, the set of Points whose 
coordinates x and y satisfy the following relations. 


43. |y—1 | =x? —4x+3. 44, [x|-+x=|y|+y. 

45. [x—2|+]y+1[<1 46. |x—y| > 2. 

47. |Qx+-y|+]%x—y| < 4. 48. |y|=sinx. 

49. cos 2x-+cos y=0. 50. x=>sin|y |. 

"BI. log, sin x | 9 > 0 52. x > log. [y|[, y< x. 

53. A rectangular parallelepiped has altitude 1/2 and sides of the base x 
and y. Find the relationship between y and x and depict it graphically if we 


pnw that the lateral surface area of the parallelepiped is equal to the area of 
the base. 

54. In,a regular quadrangular pyramid of height y and side x of base, the area 
of the base is 1 unit more than the area of the cross section drawn through the vertex 
of the pyramid and the diagonal of the base. Find the relationship between y and 
x and represent it graphically. 

55. The base of a first right cylinder is a circle of radius y, the base of a second 
right cylinder is a circle of radius x, the radius of the first circle being greater than 
that of the second. The altitude of the first cylinder is 1/8, the altitude of the second 
1/2. Find the relationship between y and x and represent it graphically if the diffe. 
rence between the area of the lateral surface and the area of the base of the first cy- 
linder is equal to the area of the lateral surface of the second cylinder 


ee ees 


Chapter 2 TRIGONOMETRY 


2.1 General remarks on trigonometry 


The student usually knows the definitions of the trigonometric func- 
tions of an angle. However, like all elementary functions studied in 
algebra, the trigonometric functions are ultimately viewed as func- 
tions of a numerical argument. Yet difficulties are caused by phrases 
like this: the sine of a given number. 

When asked what sin means, the student ordinarily is fast with the 
following answer: sinn==0. But it is not what sinx is equal to but what 
the symbol stands for, how one is to understand the notation sinx. 
The sine of the number x, i.e. sina, is the sine of an angle of x ra- . 
dians, which is to say, an angle of 180°. 

The definition of trigonometric functions of a numerical argument 
is approached gradually. These functions are first defined as the func- 
tions of an arbitrary (positive or negative) angle. Then the introduc- 
tion of the radian measure of angles enables us to associate with every 
real number a a definite angle of a radians, and, conversely, every ang- 
le is uniquely associated with a real number, which is the size of the 
angle in radians. Then, finally, we can define the trigonometric func- 
tions of a numerical argument: the trigonometric function of a number 
a is that same trigonometric function of an angle of a radians.Thus, from | 
a given number we find the corresponding angle, and the trigonometric 
functions have already been determined for every angle. 

Thus, for example, sin 10 is the sine of an angle of 10 radians. In 
other words, we have to take an xy-system of coordinates, the unit 
circle with centre at the origin and find the point M on the circumfe- 


rence of the circle such that the vector OM forms an angle of 10 radians 
(570°), measured counterclockwise, with the positive x-axis.* Then 


* It is well to recall here the common illusion that in measuring angles in degrees 
we get a concrete number while radian measurement only yields an abstract number. 
Actually, any measurement will always yield a concrete number, whether 5 km, 
28° or 10 radians. It is a purely conventional matter that when measuring angles in 
radians we leave out the name of the unit and often say “an angle equal to 3” instead 
of “an angle equal to 3m radians”, 
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the ordinate of the point M (which is a number!) will be the sine ofan 
angle of 10 radians, in other words, it will equal sin 10. 

We see that the final definition of trigonometric functions does not 
involve any angles at all but establishes a relationship between pym- 
bers. The introduction of angles is only an auxiliary, intermediate, 
step, whose necessity is dictated solely by considerations of the tea- 
ching process. 

The student often makes use of the symbol oo, which is not generally 
used in elementary mathematics. For instance, a common but mea- 
ningless formula is tan 90°=o0 or its verbal statement: “The tangent 
of a right angle is equal to infinity.” On occasion the student wil] even 
“justify” it thus: tan 90°=sin 90°/cos90°=1/0=0c. Remember that 
all such manipulations are senseless. 

Of course, trigonometric formulas must be memorized, but the stu- 
dent should be able to derive every one of them because the ability to 
derive a formula is far more important than a simple knowledge of the 
formula without an understanding of its derivation. 

An analysis of the proofs of trigonometric formulas encountered in 
secondary school shows that any one of them can be obtained rather 
quickly if the student has memorized the definitions and the basic 
properties of the functions sinx, cosx, tanx, cotx,* the relation 
- Sin’x-+cos’x=1 and the addition formulas. Using this as a basis, it 
is easy to derive the reduction formulas, the formulas for transfor- 
ming a product of trigonometric functions into a sum and conversely, 
and so forth. 

Suppose we need the formula of the sine of half an angle.** By the 
addition formula and the relation sin?x-++cos?x=1, we can write down 
immediately 

COS @ = COS ($ +5] = Cos + cos + sin > sin > 


= cos?-2-—~sin? ~ = ( 1] — sin? -% \_—cint @ 1-9 cine & 
= cos? > — sin? > 1 sin’ > )—sin? > 1 2 sin? 


whence 


_ 5 @ Il~cosa . . oO 1—cos a 
sin! >=—z—, Le sin>= as (1) 

On the other hand, it is not wise to overestimate the value of deri- 
ving any formula and thus not to memorize them, otherwise too 
much time at an examination will be taken up in deriving the needed 
formulas. The range of formulas that the student has in his so-called 
active memory should be rather extensive. 


* The notations !/sin x==cosec x (cosecant), 1/cos x=sec x (secant) are also enco- 
untered. 

** It would be better to say the formula for the sine of half a number, the formula 
for the cosine of twice a number, etc., but we will not here depart from tradition and 
will use the word “angle” instead. Bear in mind, however, that “angle” and “number” 
may be used interchangeably throughout the sequel. 
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"Many formulas can be derived in a variety of ways. Any one is 
as good as another. The student should pick the one he likes best. The 
only requirement is that the derivation be carried out correctly. The 
proofs of formulas given in standard textbooks should be viewed simp- 
ly as possible versions of their derivation. If the student can offer a 
different derivation, all well and good. Preference should be given to 
simple derivations involving straightforward reasoning. 

Take care that in deriving a formula you do not rely on another 
formula which itself is obtained from the one being proved. For examp- 
le, the evenness of the function cosx is often demonstrated by the 


student as follows: 
cos (— x) = cos (O—x)=cosOcosx-+-sinOsinx=cosx (2) 


This chain of equations utilizes the addition formula cos(a—f) for 
the case when a <f. For this reason, the proof given in (2) of the even- 
ness of the cosine function may be regarded as proper only if the 
student is able to justify the addition formula cos(a—f), a<f, with- 
out recourse to this property of the cosine. 

A word on the rather common confusion with regard to understan- 
ding the sign + in formulas like (1). Some students believe that “the 
sine of half an angle can assume two values”, others think that only 
one of these values can be chosen (that is, corresponding either to the 
plus sign or to the minus sign), but they are unable to explain properly 
when a given value is to be taken. ; 

Actually, for any fixed value a we must take, in formula (1), either 
the value corresponding to the plus sign or the value corresponding to 
the minus sign (but never both values at the same timel).* The question 
of which value to choose depends on. the quadrant in which the angle 
. a/2 lies: if it is in the first or second quadrant, then one should take 
the value with the plus sign, if it is in the third or fourth quadrant, 
then take the mirius sign.** ; 

Thus, the sign in formula (1) does not point to any kind of “two- 
signed nature” of the sine of half an angle. We have to put that sign 
because sin (a/2) can (for different values of a) assume either positive 
or negative values, whereas the expression V 1/2(i—cosa) is nonne- 
gative for all values of a. 

Actually, formula (1) signifies that a knowledge of the value of cosa 
does not uniquely define the value of sin(a/2), but only defines the 
absolute value of sin(a/2). In order to determine the value of sin («/2) 
one must, know the cosa and the quadrant in which the angle a /2 
lies. 

* Provided cosa3£1, because when cos@=1 both values are zero. 

** It is easy to see that the plus sign is taken in (1)-when 4nn <a<4nn-+ 2n 


and the minus sign when 4nn-+2n<a <4nn-+4n (where n is any integer). For 
a:=2nn, it is immaterial which sign is chosen since for this value of the angle, 


sin (a/2)=0, 


15—3480 


, 
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It is therefore preferable to avoid notations like (1) and employ the 
more exact notation 


; a l— cosa 
|sin $= V =a 


A similar situation is encountered in certain problems when it js 
required to compute the value of one trigonometric expression jn 
terms of another one. Bear in mind that, generally speaking, on the 
basis of the value of one trigonometric function of an angle only the 
absolute values of the other functions of this angle can be defined unam- 
biguously. To determine the values themselves of these functions 
we have to know, for instance, In what quadrant the angle at hand is 
located. 

Let us examine a problem. 

It is known that sinB=4/5 and O0<Bp<n. What is the ratio 


V3 sin (2-+-8)— ae By £08 (2+ B) 
sing 
equal to if (a) the angle B ts acute, (b) the angle B ts obtuse? 
This ratio, for brevity we denote it by M, can readily be reduced to 
the form ; 
M= sin @ (3 cos B -++-4 sin B)-+-cos & (3 sin B—4 cos B) 
3B sina 


To compute the value of this expression we have to know sinB and 
also the value of cosf. Since sinB=4/5, it follows that we can imme- 
diately find the absolute value of the cosine of this angle: lcos B |= 
=) 1—sin?B =3/5. The sign’of the cosine must be determined depen- 
ding on the quadrant under consideration. 

When the angle B is acute we have cosB==3/5 and, therefore, as is 
readily computed, M=5/V 3. But if angle B is obtuse, then cos B= 
== 3/5 and, hence, M=V/3(7+24 cota)/15. 

Unfortunately, not ali students are able to find the values of the 
argument for which a given formula is valid. One often hears things 
like this: “All the trigonometric formulas derived in the textbook are 
identities, which means they hold true for all values of the arguments.” 
This is not so. The trigonometric formulas are valid only for ad- 
missible values of the arguments. 

In particular, the formula sin2a—2sinacose is indeed valid for 
_ an arbitrary value of «, whereas the formula tanacota=1 is mea- 
ningful only for values of c different from k/2, where & is an arbitrary 
integer (because for a=kn/2 one of the functions that enter into the 
formula is not defined). 

Therefore, when writing down a trigonometric formula always bear 
in mind the values of the letters for which it is valid. 
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- The problem of finding these values is solved by determining the 
values of the arguments for which each of the component functions 
is meaningful. If for some value of the argument at least one of the 
component functions becomes meaningless, then that value of the 
argument must be discarded. 

Consider, say, the formula 
sin (a—f) (3) 


cos a cos 


The left member is defined if a=4(/2)+kn and B34(n/2)-+-nn, where 
k and n are arbitrary integers, since for each of these values either 
tana or tanf becomes meaningless. The right member of (3) is mea- 
ningful for those values of @ and f for which cosacosf=40; it is easy 
to verify that we come to the same restrictions on a and B. We thus 
see that the left and right members of (3) exist under the same con- 


ditions: 


tan a—tan B = 


co + ho, Bway tan (k, n integers) 


These two inequalities yield the conditions under which the formula 
for the difference of two tangents is valid. 
A somewhat more complicated analysis is required for the formula 
_ tana—tanB 
an (2—B)= 1-+- tan @ tan B (4) 


Its left member is defined if a—f 34 1/2+-kn; only for these values of 
a and B does the expression tan(a—f) become meaningless. For the 
right member of (4) to be meaningful, tana and tanB must be defined, 
that is, it must be true that a=4n/2-+-nn, B5&n/2--mn, where n and m 
are integers. But this is not all: the denominator 1+tanatanB must 
be nonzero. Since tana and tanB are defined (we have already assu- 
med that), the condition 1+tanatanB340 may be rewritten as 
cos (a — B)=£ 0. Hence, the denominator in the right member of (4) is © 
nonzero if a—P=4n/2-+kn, where k is an integer.* Hence, the formula 
for the tangent of a difference holds true provided that 


ae ann, BA ma, a— pee +kn (n, m, k integers) ** (5) 


* Note particularly that in order for a pair of values a, B to be excluded from the 
domain of admissible values of formula (4) the only thing required is that either 
a=n/2-+-nn for some integer n (B arbitrary) or B=x/2-+max for some integer m (a ar- 
bitrary), or a—B==m/2---kn for an integer &. Hence, if even one of these equations is 
valid, then formula (4) is not true for the appropriate values of the arguments. 

** The conditions (5) are sometimes written thus: 


at Dka, BAG tea, a—B AS +h, b= 0, £1, 2 vee 


It is assumed here that in each of the inequalities the number & runs through all 
integers independently of the other two inequalities, : 


15* 


aaa niacin le 
f° a 
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A comparison of the foregoing analysis of the conditions under which 
formulas (3) and (4) are meaningful points to one essential difference 
between these formulas. Whereas the left and right members of the 
formula of the difference of two tangents exist or do not exist for one 
and the same set of values of the arguments, the domains of existence 
of the left and right members of the formula for the tangent of a diffe. 
rence are different. For instance, the left member of (4) is meaningfy] 
fora==n/2, B=m/4, whereas the right member is not defined for these 
values of a and f. 

It is possible to give other instances of trigonometric formulas 
in which the left and right members have different domains (domains o 
admissible values of the variable). Such for example are the formulas 
expressing the sine and cosine in terms of the tangent of half an angle 
the formula of the tangent of a sum, the formula of the tangent of ee 
double angle (the reader is advised to make a careful analysis of these 
formulas). 

This fact is paramount in the solution of equations (it is discussed 
in more detail in Sec. 1.9), 


Exercises 


1. Define (a) a negative angle, (b) the radian measure of an angle, (c) the tan. 
gent of a given angle, (d) cos 1, (e) arcsin a.’ ' 

2. State whether each of the following assertions is a definition or a theorem: 
(a) sin’a-+cos’a=1 for arbitrary a, (b) the sine of an angle @ is equal to the ordi- 
nate of the unit vector issuing from the origin and forming with the axis of abscissas 
the angle @, (c) the graph of the function y= sinx passes through the origin 
(d) cot 90°=0. ; : 

3. Consider the theorem: “If the terminal side of the angle @ lies in the second 
quadrant, then cosp<<0.” State the following theorems: the converse, the inverse 
and the contrapositive.. Which of these theorems is valid? 

4. Prove that if real numbers x and y satisfy the condition x?-+-y?==1, then there 
is an ‘angle p such that x=sing and y=cos q. 

5. Which is larger: (a) sin 1° or sin 1, (b) ‘tan 1 or tan 2? ’ 

6. How are the angles @ and f related if it is known that (a) sina=sin p 
(b) cosa=cosf, (c) tana=tanB, (d) sine=sin Bp? , 

7. Express cos (a/2) and sin (a/2) in terms of sina if 270°<a <450°, 

8. Given: sin x=1/4 (V5— 1). Compute sin 5x. 

9. Compute without the aid of tables 

: 4 


cos xi cos 2n 
7 (ipecae aie 


10. Verify the validity of the equation 
1—tan?215° V3 


1--tantl5® 9 


2.2 Trigonometric transformations 


At examinations the student encounters a diversity of problems in- 
volving the transformation of trigonometric expressions or the proof 
of trigonometric relations. All such problems are amenable to solu- 
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tion through the use of familiar formulas, though some of them appear 
‘quite often in “terrifying” form. Nevertheless, combining suitable for- 
mulas ordinarily does the trick and no fundamental difficulties should 
arise. 
But for this the student should have a firm grasp of all formulas and 
be able to read them from left to right and from right to left, and “see” 
them in a variety of notations. For instance, in the notation sinxx 
x sin 30°—cos 30° cos x the student should recognize —cos(x-+30°) and 
not sin(x—30°), as some do. 

This ability and the necessary habits are acquired by working with 
the basic trigonometric formulas and solving a sufficient number of 
problems. - 

When performing trigonometric transformations, take care to ob- 
serve all the rules of algebraic operations and carry through the manipu- 
lations neatly and legibly because a simple thing like writing a plus 
sign instead of a minus sign or fumbling in the computation of a-co- 
efficient can nullify the final result. The student frequently has to 
make use of various algebraic identities which he should be able to 
apply to trigonometric expressions. 

To take an instance, many mistakes are made in trigonometric 
transformations due to an improper understanding of the symbol y’. 
In trigonometry, as in algebra, this symbo! always denotes the prin- 
cipal square root (see Sec. 1.4) and so, for instance, 


V 1—sin 2x = V (sinx—cos x)? =| sin x —cos x| 
but not sinx—cosx. In place of the expression V (1/2)(1—cos2c) one 


should write |sina] and not sina, etc. 
1. Simplify the expression 


V sPsine 
te | a ee Vat tan? x 
ee Vt) Sane) 


where b=>>a>0. 
After a few simple manipulations, this expression (for brevity de- 


note it by P) can be rewritten 


P= sinx Va-btan®x _ sinx Vat b tan? x 
V a+ (6—a) sin? x V acos? x+-6 sin? x 


Some students handle this as follows: 


a Lame sintx Pacos?x-+6 sin? x 
2 = pleas 
Va-+btan bes V a+b ae = oe 


=tany. The mistake here is this. In this 


and get a wrong answer: P I 
tually ‘have to simplify is the expression 


transformation what we ac 
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V cos*x which is equal to |cosx]. And so the final result is P= 
=sin x/|cosx|. 

In the problem that follows the chief difficulty lies precisely in the 
algebraic aspect of the matter, in the necessity to indicate exactly 
for which values of the parameters a given transformation is legitimate 
and what the procedure should be applied in the case of other values 
of the parameters. 

2. Eliminate ® and » from the relations 


m? tan? 0--n? tan?p = 1, m?cos?0+n?sint?g=1, 
msinO=ncos @ 


and find the relationship between m and n. 

Here, it is necessary, assuming that the three relations are valid, 
to eliminate @ and . This can be done in a variety of ways. We in- 
dicate one. 

In order to be able to take advantage of the third relation, rewrite 
the second so that it embodies the products m sin 8 and n cos@: 


m? sin? 0+ n? cos? p= m?-L n?—1 
Then, taking into account the third given equation, we get 
2n* cos? p = m?-++- n?—] 


Assuming n-40 (the possibility of n=0 will be considered separately), 
we have 


mend 
tp, — e+ nt—] 
COS Dire 5g 


Furthermore, from the third relation, on the assumption that m=& 0, 
we have 


: ne me — A? 1 
cos? § = 1 —sin? @= 1—— cos? = — 


We can now already write down some relationships between m and 
n: if m>40 and n=40, then 


0< Sa <1, 0< Poet cy 


Now rewrite the first of the given relations in the form 


1 1 
m (sag!) +n (gaowl)=1 
and substitute the expressions found for cos?@ and cos*p to obtain a 
relation between m and ni 


2m4 2n4 hs 
Wop ep 


[Te 
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Now let us see what happens when n=0. The given relations become 
mitan?0=1, m?cos?0=1, msind=0 


The first equation shows that m=40; then the third yields sin@=0, 
which conflicts with the first one. Hence, from the given relations it 
follows that n=40. It is analogously shown that m5<0 as well. 

Thus, after eliminating 0 and g from the three original equations, 
we can make the following statements about m and a: 


Bh 2 72 } 
m0, n0, 0< mie Li, o< Set <i, 
2m4 2n4 = mt+n+l ; 


Woe pl t pT 
The solution is complete. . 
Let us now dwell in more detail on the transformation of the ex- 
pression asinx-++-bcosx by the introduction of an auxiliary angle. It. 
will be recalled that in defining the angle @ from the conditions 


: b a 
Se ae” a meee gr ar (1) 


(it is assumed that a and 6 are not zero simultaneously), we can re- 
duce the expression a sinx-++-6 cosx to the form Y/ &+6? sin (x+9).* 
It is easy to see that it is precisely. the signs of the numbers a and 6 
which determine the quadrant in which the angle p lies.” 

This general method of introducing an auxiliary angle always leads 
to the desired end. In the actual solution of concrete problems, however, 
(say, in trigonometric equations) it is often more advantageous to 
introduce the auxiliary angle differently. 

It is frequently convenient to define the auxiliary angle so that it 
should lie between 0 and n/2. If in place of formulas (1) we use 


sine a eae 9 
; Vere . Vere . ( ) 
to define the auxiliary angle «, it will be clear that « may be chosen. 
in the first quadrant. What is more, it is sufficient to use only one of 
the formulas of (2) because an angle in the first quadrant is uniquely 
defined by the value of the sine (or cosine 4 

In the process, of course, the expression asin x-+-bcosx will not 


necessarily be reduced to V @--6? sin(x-+a) but possibly to one of 


* In standard textbooks it is shown that these conditions define a unique angle 
within the re 0<o<2n. Quite naturally, for the auxiliary angle we could 
choose any angle p4-2kt, R=+1, £2, .... 

** If so desired, when defining & (in the range from 0 to m/2) we can also use the 
relation tan ee Pla (if a0) which follows from (2). It is.easy to convince oneself 
that all these relations define one and the same angle @ in the first quadrant. 
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the following expressions: . 
Ve+Psin(x—a), Va-b'sin(—x-+a), 
V+ sin (— x—«a) 
depending on the signs of the numbers a and b. 
However, in transforming the concrete expression asinx-+-bcosx 


there is no need to recall formulas (2), it is much simpler to carry out 
the necessary manipulations directly, 


Consider for example the expression Q=—2 sinx+-V 3cosx. Since 
the square root of the sum of the squares of the coefficients of the sine 


and cosine is equal to 7, the expression Q may be rewritten as 

Us O03 V3 

— 7 ir —— 

Q=V ( a sinx-+- Vi cos.) 
If we now take 2/7 for the cosine of the auxiliary angle and V3//7 
for the sine of that angle, then 
Q=V 7 (— cosa sin x-+ sina cos x) 
=V7sin(e—x)=—V7sin (x—«) 


The angle @ itself (in the range from 0 to m/2) may be determined from 
the equation ‘ 


saa a or ta ae an am 


and so, finally, . 
Q=—1/7 sin (x—aresin th) 


If in determining the auxiliary angle a lying between 0 and x/2 we 
use the condition 


20 SV 7 
cos Oo = = 
0 V7 » OF @=arccos 7 


then expression Q assumes a somewhat different form:. 
| Q=—V7 sin (x—arceos 2¥7) 


{t is sometimes more advantageous to reduce the expression asin x+- 
--bcosx to the cosine of a sum (or a difference) of the angle x and an 
auxiliary angle lying in the range from 0 to 2/2. This transformation 
is | conveniently performed directly without recourse to general 
ormulas. 
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Thus, the expression R=sin2x— VY 3cos2x may be given in the 
form - _ 
R=2 (¢ sin ax— Ls cos 2x) 


It can be reduced to the cosine of a certain combination of angles if 
the expression in the brackets on the right is represented as an ex- 
panded cosine of the sum of the angle 2x and of a certain angle 6 (in 
the range from 0 to x/2). For this it suffices to take 1/2 as the sine of 
the auxiliary angle B and /3/2 as its cosine. Since in this case f= 
= 7/6, it follows that 

R=2 (sin sin 2x — cos = cos 2x) = —2c0s (2x+4) 

As we know, a trigonometric expression is, generally speaking, not 
meaningful for all values of its arguments. For this reason, in problems 
that involve the transformation of a trigonometric expression it is 
always assumed (though not always explicitly stated in the problem) 
that the transformation of the proposed expression is to be carried 
out in its domain of definition, which is to say only for those values 
of the arguments for which the proposed expression is meaningful, 

3. Given that the angles a, B, y are connected by the relation 


2 tan? a tan® B tan? y-+ tan? @ tan? B + tan? B tan? y 
-+-tantytanta=1 (3) 


Find sin® a-+sin? B--sin? y. 
According to what we have just mentioned, it is necessary to find 


the sum sin’a-+sin®B-+sin’y (denote it by \) solely for angles a, B, y — 


such that for them all the trigonometric functions in (3) exist. In 
other words, we must assume that in the given problem the angles 
a, B, y are such that tana, tanB, tany are meaningful.* It is precisely 
under this additional and implicitly stated condition that we will 
seek the quantity N. 

Since it is assumed that we will seek N starting out. from the value 
of a certain trigonometric expression involving tangents, it is natural 
to write down the desired quantity N in a different form, in terms of 
tangents: 

, tan? a tan? B tan? y 
N= TStanta tp tant tT tanty 


* Note that the desired sum sin’a-sin®B+-sin’y has a definite meaning and a 
definite value for all angles a, B, y. However, for those angles a, B, y for which at 
least one of the numbers tana, tanf, tan'y does not exist, condition (3) of the prob- 
lem becomes meaningless and so such angles cannot be considered “as being connected 


by the relation (8)”. 
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Note that here we use the assumption that tana, tanB, tany exist. 
It is only then possible to make use of the formula connecting the 
sine and tangent of the same angle. 

Subsequent manipulations do not cause any trouble, Reducing 
the expression obtained for N to a common denominator and using 
(3), we find that N=1. a 

In this problem, we did not actually have to find the admissible 
values of the arguments; the only important thing was that the trans- 
formations carried out be valid for all admissible values and that they 
should not alter the domains of definition. 

However, if one has to use transformations that do change the do- 
main, then great care must be taken. This is especially essential when 
it is necessary not only to transform the given expression but also to 
determine the values of the variable which make this expression vanish 
(which actually amounts to solving an equation). In this case, pay 
attention to the changes that the domain of definition undergoes. Do 
not permit a restriction of the domain, and make a check if it is ex- 
tended. : 

4. Simplify the expression 

1 


Tenx [(2 cos x—sin x) cot x-+ 2 sin x-+ cos x] 


V 3 sinx aa 
os [ + (suas) 


__ £08 2x [2 (1 —sin x cos x)-+ (sin x-+-cos x)2] 
6 (sin x- cos x)? (1— sin x cos x) 


Find all the values of x for which this expression vanishes. 

We will not begin by determining the admissible values of x and 
will perform only the formal transformations. Denoting the expression 
by A, the minuend by Band the subtrahend by C (so that A=B—C), 
we transform B and C to a simpler form: 


Bae—i_._2.,_ 3Bsintx 1 
~.3sing sinx 4(I—sin x coS x) 2(1—sin x cos x) 
C= 3 (cos? x— sin? x) ; 
6 (sin x cos x)? (1— sin x cos x) 
by cos x—sinx 
~ 2(sin x-F cos x) (1—sin x cos x) 
Consequently, 
A= sinx 
(sin x -+- cos x) (1—sin x cos x) 
Noting that I—sinxcosx=sin?x—sin xcosx-+-cos’x and using the 
algebraic identity 


(a-+ 6) (@®—ab+ 6°) =a? + 53 
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we finally get 
Aes sin x 
~ sin’ x-+- cos? x 


Let us no examine the second part of the problem. From the final 
form of the given expression it is evident that it will vanish only for 
those values of x for which sinx=0. However the original expression 
is meaningless for these values of x: the presence of sinx in the denomi- 
nator and also of cotx presuppose that the original expression is con- 
sidered for xs4kn, k an integer. It therefore follows that the given 
expression cannot vanish for any values of x. 

How are we to account for the fact that the final expression vanishes 
for certain values of x while the original expression is meaningless 
for these values of x? This is because in the process of transforming the 
original expression we extended its domain of definition. This occurred 
when we cancelled sin’x out of the numerator and denominator of 
the minuend. It was then that the values x=kn, k=0, +1, +2,.,, 
appeared in the domain of permissible values. 

Note that the domain of the original expression fails to include not 
only x=kx, R=0, +1, £2, ..., but also the values of x for which the 
expressions sinx--cosx and 2cosx—sinx vanish (the expression 1~ 
—sinxcosx never vanishes). As for the final expression, it is meaning- 
less for those values of x for which sinx-++cosx=0 but is. meaningful 
for those values of x for which 2cosx—sinx=0 (find the transforma- 
tion ovowing which the indicated values of x appeared in the do- 
main!), 

We have already discussed in detail the fact that trigonometric 
formulas are only valid for admissible values of the arguments [see, 
say, (3) and (4) of Sec. 2.1]. This applies in full measure to the tri- 
gonometric. relations (identities) that are given to be proved at exa- 
minations. 

In problems that require the student to substantiate a trigonometric 
relation, bear in mind that each relation must be considered fogether 
with a description of the set of values of the arguments for which it is 
valid. If the set on which the identity to be proved is valid is not in- 
dicated in the statement of the problem, then this means that the iden- 
tity must be regarded in the domain of its variable. It is then necessary 
to find that domain and ensure the validity of the proof for all admis- 
sible values of the arguments. 

5. Prove the identity 


‘1 = —cos 2a [1 +-tan ($-<) tan (x — 2a) 


It is quite clear that if this identity is valid at all, then not for all 
values of a. Indeed, the left member is meaningful for all a (it 
is simply independent of «), while the right member is not defined 
for a=nn, a=(n/4)-+(mn/2), where n and m are integers (represent 
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these values on the trigonometric circle!). All values of &, except those 
just mentioned, are admissible. 

It is precisely for these admissible values of a that we have to prove 
the proposed identity. The proof is extremely simple if we take advan- 
tage of the basic formulas of trigonometry. The only thing to pear 
in mind is to check to see that the transformations are legitimate for 
all admissible values of a. 

In order to prove a trigonometric relation, one ordinarily takes one 
of its parts and with the aid of various trigonometric and algebraic 
operations (and the data supplied in the statement of the problem) 
transforms it so as to obtain the expression in the other member of 
the relation being proved. This coincidence of the left and right mem- 
bers of the equation can also be attained by transforming them sepa- 
rately. 

Hew euek in more complicated cases, particularly if it js required 
to obtain the sought-for equation from the given equation, it js often 
rather difficult to see at a glance what manipulations will] achieve 
the desired end. In such cases, it is common fo assume the relation to 
be valid and then by means of various manipulations to reduce it to 
an obvious (or to the given) equation, thus probing for a path leading 
to the solution. . 

6. Prove that if cosx=cosacosb and if x-La# (2k+1) n, b# (2n+1)x, 
k, n=0, +1, 42, ..., then 


x+a a b 
1+ tan — 7 tan y= SC? (4) 
It hardly seems possible in this problem to guess at once precisely 
which transformations of the equation cosx=cosacosb will lead (ta- 
king into account all restrictions) to the desired equation (4),* 
We will therefore assume that equation (4) is true and will transform 
it: 


~ *+a , x~—a 
sin = sin Lees 
re —— hy 
cos 26% C08. cep ate” 
2 2 2 ; (5) 


vos a—cosx__ 1—cosb 
cosa+cosx  1-+-cosb’ 
cos x= cosa cosb 


. These manipulations brought us to an equation which, by the statement 
of the problem, is known to be true. 


* Note the essential nature of the restrictions imposed in the problem on x, a, b. 
. Without them the assertion of the problem would not be true since the equation (4) 
we are interested in has a more restricted domain than the given relation cos x=. 
cosacosb. For instance, forx=a-+n, b=n, the relation cosx=cosacosb is valid, 
whereas (4) becomes meaningless, 
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Here, many students made the grave mistake of concluding that 
“hence, the equation (4) to be proved is also true”. There are of course 
no grounds for such a conclusion. The manipulations do not prove 
the validity of the required equation. Strictly speaking, we proved 
that if equation (4) is true, then cosx==cosacosb, which is to say 
that we proved the converse of what was required in the problem. 

We continue to reason as follows. The manipulations of (5) will 
simply be regarded as an exploratory search of a solution in the rough. 
To achieve a real solution, let us start with the given equation cosx= 
==cosacosh and carry out all these transformations in reverse order. 

Namely, we take the rue (by the statement of the problem) equation 
a nae and multiply both sides by 2, writing down the result 
ike this: 

— cos x-+ cos a cos b= cos x—cos a cos b 


Adding the expression cosa—cosbcosx to both members, we get 
(cos a—cos x) (1 + cos 6) == (cos a+ cos x) (1 —cos 8) 


Since x-ta=&(2k-++1) x, it follows that cosa+-cos x= 0. Since b54(2n+ 
+), then 1-+cos6=£ 0, and so* both sides of this last equation can 
be divided by the product (cosa+cosx)(1+cosb) ta yield the irue 
equation 

cosa—cosx  1—cos b 

cosa-+-cosx 1-+cos 6 


In the left member, we transform the sum and difference of cosines 
into a product and apply the half-angle formula to the right member: 


_ Xa. x—a 20 
2sin —>— sin 5 ste 5 
xa x—a | 4b 

2 cos gy COS —g— COS" 5 


It now remains on the left to pass to tangents and on the right to 
express the sine of the angle 6/2 in terms of its cosine in order to get 
the required equation (4). 

But it is also possible to dispense with this reversal of manipula- 
tions. All we need to do is prove that all the transformations used in 
(5) to go from (4) to the relation cosx==cosacos6 are reversibie in the 
domain of (4) (that is to say, not only does each equation obtained in 
the process of manipulations imply the subsequent equation, but that 
it itself follows from the subsequent equation) We have already dis- 
cussed this method of reasoning (see Sec. 1.8) as applied to the proof 
of inequalities; it is fully applicable to the substantiation of equations, 
including trigonometric equations. 

* We see that the restrictions given in the statement of the problem are utilized 


in an essential manner: it is only under these restrictions that we can carry through 
in reverse order the manipulations done in the rough draft. 
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Thus, we again have to analyze the transformations (5). It is easy 
to see that they are all reversible [in particular, the transition from 
the second equation in (5) to the third is reversible precisely because 
of the restrictions imposed in the statement of the problem on x, a, 
and 6]. Now that we are supplied with the proof of the reversibility of 
each transformation, we can regard the manipulations of (5) as a com- 
plete solution: they permit us to conclude that the original equation 
(4) is valid (in the domain of x). 

In conclusion, let us tackle another problem involving the proof 
of a trigonometric relation that is solved by means of an artificial 
device. 

7. Prove that for an arbitrary positive integer n the equation 


sin = +sin By _ + sin = 9 sin sin at Da 
is true. 
Denoting the left member by S for brevity, multiply it by sin (st/6) 


and then expand all the resulting products of the sines into differences 
of cosines: 


2 ot l Tt 3n 3 5 
S-sin => | (cos —cos =) -- (cos Fe 60s =| Soe 


+ (cos se ™%— COs “nt nx) | 


Noting that in the resulting sum all intermediate summands cancel 
out, we get 


7 1 fs 2n-+- 1 ein Wt. antl 
S-sin F =z [cos F—cos 5 n| = sin ——— sin —-—a, 


S=2sin- sin GEbe 


Thus, the left member of the original equation coincides with the 
right member; this confirms its validity.* 


Exercises 


1. Given that sinx=1/4(V5—1), Prove that in this case cos 4x==sin x 
and find (in degrees) the angle x lying between 0° and 90°, 


_ 2. Prove that the expression y= cos? x-+ cos? (x-+-%)—2 cos a cos x cos (x-+- a) 
is independent of x. 


3. Simplify the expression 


: os? x si 
2 sin 2x (sin. cos x + Rese 


1+- cost x cos? 2x 
eng yarmarve mpcnseveutrarerrered 
cos? x+ YI costx V t+ cost x 


* The reader will see that this technique is applicable in a number of other prob- 
lems as well. For instance, it permits computing sums of the form s,==sin x-tsin (x-+- 
A)+...+sin (x--nh), s2=cos x-- cos 2x-+, -feosnx, etc. [to do this, it suffices to 
consider the expressions 5,+sin (h/2) and s,+sin (x/2), respectively]. 
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4, Simplify the expression 
V a ab V—@ ab 
1 cos?.x _ cos? x 
2 Y —a'—ab \a+ V —@—abtanx —a+YV —a*—ab tanx 


where a?---ab <0. 
5. Simplify tle expression 


(tan x)~1/? 
costx 
_ [+ @tanxy7??] [tanx—(2tanx)!/2-+-1]—[1—(2tanx)~¥/7] [tanxt(2tanx)'/*-+1] 
2 V 2 cos? x [tan'x+(2 tan x)/? +1] [tan x—(2tanx)/?+1] . 


_ -1/2__ 1/3 
+ (tan x 1) (2 tan x) (2 tan x) [1-2 tan x (tan x—1)-2]~2 | 
V 2 cos? x (tan x1)? 
Find all values of x for which this expression is equal to 33/4, 
6. Simplify the expression 
2 sin a cos x (1—cos a cos x) — sin 2a sin® x 1— sin? a sin? x ~1/2 
(1—cos acos x)? (1 —cos acos x)* 
GO<a<n/4, 1/4 ox <on/2. 
7. Prove the identity 


2 (%_4\—sta (24-2) sin (a) => 
cos (}- a) sin (3 a) sin (a ) 7: 
8. Prove that if 0 <x < 2/2, then 
V tanx+-sinx-+ V tanx—sin x=2 V tan x cos ($-5) . 


9. Represent the expression— tan (%/2) -}-cos x-+sin x as a product. 
10. Simplify the expression 
_ a—b _ _ 
sin (a—b)-+ sin (6—c)-+sin (c—a)+4 sin c 3 sin oe c sin *. 
11. Eliminate © and g from the relations . 
asin? @-+-bcos?O=1, acos?g+bsint?g=1, atanO=6 tang 
and find the relationship between a and 6 if0<6<1l,a> 1, 
12. Eliminate 0 and q from the relations 
pcot?0+¢cot?g@=1, pcos?6+q cos? p=), psin@=¢ sing 
and find the relationship between p and a: : ; 
13. Given tanx=2b/(a—c), ac. Compute the following expressions: 
y==acos?4+2bsinxcosx-+csin’x, z=a sin? x26 gin x cos x-}-c cos? x. 
14, Prove, that 


cos 7 4-00s  4-cos ae —4. 


15. Prove that tan 142°30’=24+ Vo—V3—V6. 
16. For which values of a and B does the equation tan (a -+-B)—tan a= 


=2 tan (B/2) follow from cos (2a-+ B) = 1? 
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17, Prove that sin(a-+-2B)=sina if cot (a@-{-B)=0. 
18, Find tan (@/2) if sina--cosa=Y7/2 and the angle a lies between O° 
° . 


and ¥ 
19, Prove that if @ and PB are angles in the first quadrant, tan a= 1/7, 
sinBp==1/Y 10, then @+- 2B == 45°. 
20. Prove that if sin (v—a)/sin (x—B) = a/b, cos (x— 
aB-+-bA #0, then ‘cos (@—B) = (aA +-6B)/(aB-+bA). 
21. Knowing that tana and tanB are roots of the quadratic equation 
Sian compute the expression sin? (a-+-B)--p sin (a--B) cos (a+ B)-f 
) 


“+g cos® (a+-B). 
22. Transform the expression cosacosf cosy into a sum of sines provided 


that a+ Bp-+y=n/2. 
23. Simplify the expression sin? a -+ sin? B +-sin® y~—-2 cos a cos B cos y if 


A+B + y= a. ~ : 
24, The sum of three positive numbers a, f, y is equal to m/2. Compute the 


Product cot acot y if we know that cot a, cot 8, cot y form an arithmetic prog- 


ression. 
25. Prove that if a, B, y are angles of a triangle, then . 


a, B DY scot Biee Bee 
cot "yt cot “gy teot 5 = cot 3 cot 5 cot 3 
26. Prove that ifO<a <2/2,0<B <1/2,0<y <1/2 and cos &-t cos B-E 


++ cos p= 1-44 sin sin B sind, then a-+-B-+y=a. 


a)/cos (v—B)= A/B and 


2.3 Trigonometric equations 


The student should be able to write down correctly formulas that 
yield the roots of elementary trigonometric equations: sin px=a, 
cosqx=b, and so forth. Unfortunately, a good many mistakes are 
made in solving such equations because of a lack of skill (or under- 
standing) in handling the symbols arcsina, arccosa, ete. 

To illustrate, consider the equation cosx==—1/2. One often hears 
something like this: “the solution of this equation is x=-4(—n/3) + 
+2kn, where k is any integer.” This clearly shows that the student 
does not understand the symbol arccos (—1/2) (see Sec. 2.5). The value 
is frequently computed correctly: arccos (—1/2)=n—(n/3), but for 
some reason the notation appears as x= —(n/3)+2kn instead of 


x= (2n/3)+2kn. 
_ Serious mistakes are made when formulas are manipulated mechani- 


cally. Thus, in solving the equation sinx=(V5+1)/2 a student gave 
the answer as " 
x=(—1)*aresin Vet! bn, k=0, +1, +2, .., 


whereas this equation does not have any roots at all because 
(V5+1)/2> 1. | 

Sometimes the student writes the solution of a trigonometric equa- 
tion in degrees. This is of course quite permissible, but the answer is 
preferably given in radians with x regarded as'a number and not an 


comin ie sernemahertenhsaammem tnaienmeiamenntich aniiniedinet tiie nine cena ieee) 


2.3 Trigonometric equations 241 


angle. But it is not at all acceptable to write a combination of deg- 


rees and radians, such as, say, x=(—w/8)-+90°-k. 
An equation very close to the elementary trigonometric equations 


is one of -the form 
. asinx--bcosx=c (1) 
to which many: other equations reduce. Equations like (1) are best 
worked by the method of introducing an auxiliary angle (see Sec. 2.2). 
1. Solve the equation . 
cos x-4-V/3sin x=2cos 2x . 


_Here, the left member is most conveniently transformed to the co- 
sine at a difference (defining the auxiliary angle in the range from 0 


to 1/2): 
cosx-+-V3sinx=2 cos (*-Z) 


The equation then assumes the form cos[x—(/3)]=cos2x. If we had 
transformed the left member to the sine of a sum: cosx-+) 3sinx= 
=2 sin[x-+(x/6)], then after transposing 2cos2x to the left-hand side, 
Wwe would have to take advantage of the reduction formula in order 
to pass to a product of trigonometric functions.* But now we can do 


this directly: 
cos (*-F) —cos2x=0, sin ca sin SHE <0 


whence we get two groups (sets) of solutions: 
4, = 248, k= 0, fad l, +2, ooo? 


x= —Z+2Qnn, n=0, +1, £2, ... 


Trigonometric equations are nearly always found to have several 
groups of solutions. The important thing to realize is that the num- 
bers k and n appearing in different groups are in no way connected. 


The result may also be written differently: 


x= 24 X= — 4+ 2kn, k=0, +1, zt 2, aes 


Here however it is understood that in each of these equations the.num- 
ber & runs through all integers independently of the other equation. 


* Rather often, equations of the form cos[x—(z/3)]=cos2x or sin [x-+-(1/6)]= 
=cos 2x are solved differently, by using the relationships between & and B that follow 
from the equations cosa==cosB or sina==cosB (see Exercise 1). Examinations how- 
ever show that the student makes many mistakes due to-the incorrect use of these 
relations, which are outside the scope of the school curriculum and so need not be 
does not substantially reduce the amount 


memorized, all the more so since their use 
of computation. 


16—3480 


942 . Ch. 2 Trigonometry 


When the auxiliary angle turns out to be “good” (say 1/3, 31/4, etc.), 
the equations of type (1) are always solved by the foregoing method. 
But if the auxiliary angle is not equal to a single one.of the familiar 
values, then few students use this method. The usual procedure is 
universal substitution or squaring. 

This is apparently due to an aversion for the symbols arcsina and 
the like. In this “bad” case, the auxiliary angle can only be written 
down as an arc sine or arc cosine of some number (expression) which 
cannot be “computed”. However, it is well to stress that such incon- 
venience is but slight when compared with the difficulties that await 
us in the use of other methods. 

2. Solve the equation 


2 sin 4x-+- 16 sin® x cos ¥-+ 3 cos 2x—5 =0 | 


The natural way would seem to be to express sin 4x in terms of the 
trigonometric functions of the angle x: 


' 2sin4x =8 sin x cosx— 16 sin? x cos x 


It is now apparent that the proposed equation can be reduced to the 
form (1): 
4sin2x-+3 cos 2x=5 ee (2) 


Let « be an angle between 0 and x/2 that satisfies the relations sin == 
=3/5, cosa=4/5, that is, a@=arcsin 3/5, Then (2) is equivalent to the 
equation sin(2x-++a)=1, whence 


x= aresin 244+ bn, k=0, +1, 42, ... 


Relations defining the auxiliary angle a permit choosing a= 
=arccos 4/5, which yields a different form of the answer: 


x=— + arccos-++* 4 key, k=0, +1, +2,... 
or, choosing «=aretan3/4, 
x=—Zarctand4+24hn, k=0, £1, 2, 0s. 


Finally, we could introduce the auxiliary angle B, O<P<n/2 so 
that equation (2) could be reduced to the form cos (2x—f)=1. For 
this purpose, it is sufficient to choose f=arcsin 4/5 or B=arccos 3/5, 


* Actually, universal substitution (or the replacement of the sine and cosine by 
the tangent of half an angle) generally speaking restricts the domain of the variable 
and can result in a loss of roots (see Problem 15, Sec. 1.9), The operation of squaring 
both sides of the equation can introduce roots (see Sec. 1.9), Consequently, both these 
methods require app ene ary investigation, whereas the method of introducing an 
auxiliary angle immediately leads to an equivalent elementary equation. That is 
prpcisely why this method is to be recommended when working equations of type 

). : 
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which are written, respectively, as 


x= + aresin-s-+ kn, k=0, +1, aso eis 


and 


x= arceos ++ kx, k=0, +1, +2,..., 

It is readily seen that these formulas are merely different forms of 
notation of the roots of equation (2), that is, they can be transformed 
one into the other. (see Sec. 2.5). 

3. Solve the equation 

tan ($ cos) —cot (x sin sy=0 

This equation has an unusual aspect due to the exotic form of the 
arguments of the tangent and cotangent. Actually, of course, there 
is nothing special here. The numbers sin x and cosx are quite definite 
for any x, and so the following expressions are quite meaningful: the 
tangent of the number (s/2)cosx, provided cosx-t1, and the co- 
tangent of the number msinx, provided sin x=40, sinx=4-+1. These 
conditions describe the domain of the variable of the original equation. 

Transforming the difference of a tangent and. cotangent and clea- 
ring fractions, we.get the equation 

cos ($F cos x--n sin x) =(0 (3) 

The problem is to solve this equation and select the roots which lie 
in the domain of the original equation. 

From (3) we immediately get 


S cosx+nsinx=F-+ka, k=0, +1, £2, ... 


It is now necessary, for each integer k, to find all the roots of © 
Qsinx+cosx=2k+1 (4) 


‘of type (1). Consequently, equation (3) breaks up into an infinite num- 
ber of equations, and to find all its roots we have to find all the roots 
of equation (4) for R=0, all the roots of (4) for k=1, all the roots of 
equation (4) for k=—1, and so on. 

This peculiarity of the problem under consideration caused much 
trouble at an examination. Some students obtained from (3) the rela- 
tion (x/2)cosx+nsinx=n/2 and thus lost some of the roots; others 
thought that the number & should assume one very definite value and 
attempted in vain to find that value of k from eat (3). 

It is not at all difficult to find all the roots of an infinite number of 
equations (4). Introducing an auxiliary angle, say, using the formula 


16* 
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B= arccos(1/Y5), we can reduce (4) to 


cos (xB) =, k=0, +1, +2, ... (5) 


Solving the inequality —1< (2k-+1)/V5< 1, weare readily convinced 
that it only has two integral solutions: k=0 and k=—1. Hence, out 
of the infinity of equations (5) we need the roots of only two equations 
that correspond to the values k=0 and k=—1: : 
. 1. l 
cos (x —f) Ve and cos (x—f) = ve 

The equations (5) corresponding to all the other values of & do not 
have any roots. 

We write down the roots of the two equations in the form of four 
groups (x, and x, are the groups of roots of the first equation, and x, 
and x, are the groups of roots of the second equation):* 


l = als — 
*,=B + atccos T= + 2n = 2 arccos V3 +2nn, n=0, +1, +2, ness 


£,=B—arccos t= ++ 2mn = mn, m=0, +1, +2, ..., 


V5 
= B-+ arccos (——-=) + 2pm = (2p-+1) x, p=0, +1, +2,..., 


; : , 
x, = B—arccos (=F) + 24x == dares et (2g 1) Ty 
g=0, +1,'+2,... 


However, not all these groups lie in the domain of the original equa- 
tion: for any root of the second and third groups it is obvious that sin x= 
=0 and so cot (sin x) does not exist. Thus, these groups are not so- 
lutions of the original equation. Now the roots of the first and fourth 
groups lie in the domain of the original equation: the-necessary compu- 
tations (which may be performed, say, by analogy with the solution of 
Problems 2 to 4 of Sec. 2.5) show that for these roots cos x54-+1, 
sinx=40, sinx54-++1. Thus the solution of the original equation. 
includes the two groups x, and x, given above. 

It is sometimes possible to combine in one formula several groups 
of roots of a trigonometric equation. For instance, in the present prob- 
lem, groups x; and x, can readily be represented as 


1 
Bir 2 BICEOS Tre rH, f=0, +1, +2, ... 


(this yields the first group for even [==2n and the fourth group for 
odd !=2g—1). This however is not obligatory and neither is it always 
convenient. The final answer may be left in the form of several groups. 


* In the transformation of the third group, use is made of the relation obtained 
in Problem. 10, Sec. 2.5, 


i 
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Trigonometric equations involving more or less complicated trigo- 
nometric expressions are a traditional part of many written exami- 
nations in mathematics. As we know, there is no unified method or 
procedure that can be used to solve every equation with trigonometric 
functions. But the general aim is to transform the trigonometric ex- 
pressions in the equation in such a way that the equation under con- 
sideration is reduced to an elementary form or breaks up into several 
elementary equations. 

For each specific example, one has to find the suitable mode of 
transformation. Sometimes a variety of different transformations and 
ideas are tried before the right approach is found. The surest way is 
via a good knowledge of the trigonometric formulas and the ability 
to carry through t#igonometric transformations (see Sec. 2.2), and this 
can only be attained by practice. 

Of course many trigonometric equations admit of several modes 
of solution, depending on the underlying idea of the solution and on 
how the trigonometric expressions involved are manipulated. We 
wish to stress that the form of notation of the roots is frequently de- 
pendent on the chosen procedure of solution and if we want to prove 
the equivalence of two different notations, we will have to resort to 
supplementary transformations. 

This is an important point to bear in mind because sometimes the 
student solves a trigonometric equation and then begins to work it 
(as a check) by a different method and arrives at a different notation 
in the answer. Then thinking that this different form of the answer is 
an indication that the first solution is wrong, he tries to find nonexi- 
stent mistakes and spends a lot of time and energy instead of manipu- 
lating the answers and becoming convinced of their identity. 

Incidentally, it is advisable at an examination to solve a given 
trigonometric equation in some one (preferably the simplest and shor- 
ae way and dispense with transformations of the answer into other 
orms. 

Keep track of equivalence in the process of manipulating the equa- 
tion so as to avoid any loss of roots (say in cancelling a common factor 
from the right and left members of the equation) or the introduction 
of extraneous roots (say in squaring both sides of the equation). Besi- 
des, it is necessary to check to see whether all the resulting roots lie 
in the domain of the variable of the given equation. In all necessary 
cases (that is, when nonequivalent transformations are permitied) 
be sure to make a check. : 

All these questions connected with solving equations (and this goes 
for trigonometric equations as well) and also certain problems are dis- 
cussed in great detail in Sec. 1.9. We shall not dwell further on them 
here. 

The problems considered below illustrate several rather general 
recommendations that may be put to good use in the solving of ¢ri- 
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gonometric equations. One should not of course presume that these 
suggestions are of a universal nature and applicable to all cases, 

Many trigonometric equations involving a sine, cosine and tangent 
are frequently more easily solved if first reduced to a single function. 
For instance, it is sometimes possible to simplify the equation by means 
of universal substitution, that is, the replacement of all trigonometric 
functions in terms of the tangent of half an angle, 

The student should bear in mind however that this transformation, 
generally speaking, restricts the domain of the variable and can 
therefore lead to a loss of roots (see Problem 15 of Sec. 1.9). Universal 
substitution must therefore be accompanied by an additional investi- 
gation. 

4. Solve the equation 


(1 —tan x) (1 + sin 2x) = 1+-tanx 


This equation may be solved in a variety of ways, but the fastest 
is by universal substitution: expressing sin 2x in terms of tan x, we get 


(1—tan x) (1+ 3884-) 14 tan 


which is equivalent to the original equation (since tan x exists in the 
domain of the original equation). Reducing the second factor of the 
left member to a common denominator and clearing fractions (this is 
possible since 1+ tan*x £0), we get the equation tan®x (1 ++ 
“+ tan x) = 0 which has two groups of solutions: 


%=hn, Y=—F+nn,- ky n=0, £1, £2, ... 


In solving trigonometric equations containing trigonometric fun- 
ctions of multiple arguments, students strive invariably to pass to 
functions of the argument itself; the result is an algebraic equation of 
high degree in sin x (or cos x). In many cases, however, it is more con- 
venient to pass from the squares of trigonometric functions to the functi- 
ons of a double argument by the formulas 


cos? x= + (1 + cos 2x), sin? x=+(I —cos 2x) (6) 


thus reducing the degree of the resulting equation. This frequently 
cuts manipulations and, besides, makes it possible to write down the 
answer automatically in a more compact form. 

5. Solve the equation 


cos* x-}- sin* x= 2 cos (2x+2) cos (2x2) 


The right member of this equation can readily be reduced to the form 
1/2 + cos 4x, If we furthermore express cos 4x in terms of cos x, 
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and in the left member of the original equation replace sin? x by 1 — 
—cos?x, we get a biquadratic (in cos x) equation: 12 cos* x— 
— 12cos? x-+1= 0. 

Denoting cos? x by y, we obtain the quadratic equation 12y’— 
— 127 -+1= 0, whose roots are 
_3—V 6 
=, 


_34+V6 
aaa 


Yy 


The first root y; leads to the equation cos’ « = (3 — V'6)/6. Since 
0< y.< 1, it in turn separates into two equations: 


—V6 3—V 6. 
cosx=J/ ve and cosz=— q/ = Ye 


whence we obtain two groups of solutions of the original equation. 
Similarly, the second root y, leads to two more groups of solutions of ° 
the original equation (it is left to the reader to write down all four 


groups). 

Essentially, there are of course no objections to this mode of solu- 
tion since it is quite correct. But the solution can be shortened and 
speeded up by a procedure that reduces to a consideration of a single 
elementary trigonometric equation and permits obtaining the answer 
as a single formula. 

Namely, in the equation cos* x + sint x = 1/2 +- cos 4x we will 
not transform cos 4x but, on the contrary, we will express cos'x and 
sin‘x in terms of the cosine of a quadruple argument, for which pur- 
pose we make use of (6). Very simple manipulations lead directly to 
the equation cos4x = 1/3, whence 


x= be parceos +, k=0, £1, #2, «+ 


It may be noted, in particular, that the use of formulas (6) always 
permits solving a quadratic equation in cos 2x instead of a biquadratic 
equation in cos x (or sin x), thus cutting the amount of computation, 
and enables one to write down the answer in simpler form. 

6. Solve the equation 

4 cos? (2—6x) -++ 16 cos? (1 — 3x) = 13 


Denoting 1 — 3x by y for brevity, we write the equation in the form 
4 cos? 2y + 16cos?y = 138. One can of course transform the first 
summand in the left member by the double-argument formula to ob- 
tain a biqitadratic equation in cos y. But if we transform the second 
summand in the left member by (6), we get the quadratic equation 
4 cos? 2y + 8cos 24y — 5 = 0. 

The quadratic equation 42’-+- 8z— 5 = 0 in z= cos 2y has two 
roots: 2;=—5/2, z= 1/2. And so we have to solve two equations: 
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cos 2y = —5/2 and cos 2y = 1/2. Since |cos 2y| < 1, the first equation 
has no roots, and from the second one we can readily find the roots 
of the original equation: 

kn 


1s = 
tegkighs) k=0, +1, +2,... 


It is left to the reader to follow through the procedure and decide why 
it is possible to write down the answer in precisely this form. 

The apt employment of formulas for transforming a product of trigo- 
nometric functions into the sum (or difference) of such functions (or vice 
versa) frequently produces the result in the shortest possible way. 
The student’s ability to make a guess of the result of applying these 
formulas and to foresee the possibilities therein is very useful when 
solving trigonometric equations. 

7. Solve the equation — 


sin 4x-+3sin2x=tanx 


| Many students tackled this equation in the following manner, Mul- 
tiplying it by cos x and using the double-argument formulas, they ob- 
tained the equation 


sin x (8 cos* x -++-2 cos? x—1) =0 


which is then solved in familiar ways. 

A different approach makes things easier however, If after multi- 
plying the original equation by cos x we expand the resulting products 
sin 4x cos x and 3 sin 2x cos x into sums of trigonometric functions, 
we get the equation sin 5x + 4 sin 3x -- sin x = 0. Then we again 
transform the. first and third terms on the left of this equation into 
a product of trigonometric’ functions to get sin 3x (cos 2x +- 2) = 0, 
This equation’ separates into two: one (sin 3x = 0) yields the group 
of solutions x = kn/3, k= 0, 41, +2, ..., and the second’ one 
(cos2x + 2 = 0) has no roots at all, 

A check (which is necessary since multiplication by cos x extended 
the domain) shows that, the group thus found is the solution of the 
original equation. 

In many cases trigonometric equations are successfully solved by 
the following technique: a new unknown is introduced to denote some 
combination of trigonometric functions and the equation is then solved 
for this unknown. Of course, some experience is required to be able to 
see a suitable combination. 

8. Find all the solutions of the equation 


1+ sin? x-+- cost x= sin 2x 


It is easy to see that the left and right members of this equation can 
be expressed in terms of the sum and product of sin x and cos x. Using 
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the identity a°-+- 6? = (a + b)(a’— ab + 6°), we rewrite the equation 
as ; 
1 +-(sin.x- cos x) (1 —sin x cos x) =3 sin ¥ cos x 
In turn, the product sin x cos x is expressed in terms of the sum sin x -+ 
-+ cos x by means of the trigonometric identity* 
2 sin x cos x = (sin x-+ cos x)*— 1 
It is therefore natural to denote the sum sin x +-cos x by y and to 
write the original equation as 
a | 2 un | 
- lty—yh = 34 


We thus arrive at an algebraic equation in one unknown, y. Trans 
posing all terms to the left and factoring out y + 1, we get the equa- 
tion (y + 1) (y?-++ 2y— 5) = 0, which has three roots: 

a I, JU, -- ] +V6, Y3 == 1—V6 

The first root leads to the equation 

sinx-+cosx==—1 or sin («+ 4) =—_V? 


whence we get the group of solutions 
xe p+ (—1)t san, n=0, +1, +2, ... 


As to the second and third roots, both exceed V2 in absolute value, 
whereas 


|sin x-4-cos.x|=|V/2sin («+4) |<v2 


and consequently these roots do not yield solutions of the original equa- 
"9. Solve the equation 
tan? 2x -+ cot? 2x-+ 2 tan 2x-+ 2 cot 2x=6 
Note that 2 tan 2x cot 2x = 2 and so the given equation can be re- . 
written in the form 
(tan 2x + cot 2x)?-+2 (tan 2x-+ cot 2x)—-8 =0 
Denoting the sum tan 2x ++ cot 2x by z, we get the quadratic equation 


z+ 2z— 8 = 0, whose roots are zj=—4 and z,= 2. We now have 
to consider two possibilities corresponding to each of these roots: 


tan 2x-+ cot 2x=—4 and tan2x-+-cot 2x=2 


* A similar formula, 2 sinxcosx=1—(sinx—cosx)?, is useful in a number of 
cases, . 
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These can be reduced to quadratic equations in tan 2x by replacing 
cot 2x by 1/tan 2x. To each root of the quadratic equation corresponds 
a group of solutions. 

Fewer manipulations are required if we first transform the sum of 
the tangent and cotangent: 


tan 2x +- cot 2x = 


sin 4x 


Then the root z, yields the equation sin 4x = —1/2, whence we get 
the first group of solutions 


t= (i ep k=0, +1, +2,... 


and the root z, yields the equation sin 4x = 1, which gives us a second 
group: 


Q=etS, n=0, £1, £2, ... 


It is easy to see that all the values of both groups belong to the domain 
of the variable of the original equation. 4 

Apt grouping of terms can also facilitate solutions of trigonometric 
equations. This is not always easy to do, however, and often a variety 
of possibilities have to be examined. 

10. Solve the equation 


Asinx+2cosx=243tanx 


Though this seems to be a simple equation, it is rather involved, 
What might appear to be a natural solution — by means of a universal 
substitution—actually results in a fourth-degree equation in tan(x/2). 

Let us attempt to group the terms of the equation so as to arrive at 
a decomposable equation. Multiplying all terms of the original equa- 
tion by cos x (in this way we of course extend the domain so that a 
check will have to be made as to the possible introduction of extra- 
neous roots) and transposing them to the left side, we get 


4sinx cos x-+2cos?x—2cosx—3sinx=0 


Can the left member of this equation be factored? At any rate it is 
not so obvious how this can be done and so we try out some variants. 

It is rather easy to see that grouping the first term with the second 
and the third with the fourth and grouping the first with the fourth 
and the second with the third does not give us anything. Let us try 
grouping the first and third terms, and then the second and fourth: 


2 cos x(2 sinx—1)-+(2cos?x—3 sin x) =0 (7) 


Now, the second term in (7) may be written as a quadratic (in sin x) 
trinomial 2 cos? x — 3 sin x = 2— 3 sin x — 2 sin? x, But the tri- 
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nomial 2y?+- 3y— 2 can readily be factored: 2y?-+ 3y— 2 = (24 — 
— 1)(y + 2). Therefore the second term in (7) can be represented as a 
product: 2 cos? x — 3 sin x =—(2 sin x — I)(sin x + 2) and, hence, 
the equation (7) itself can then be written as 


(2 sinx— 1) (2 cos x—sinx—2) =0 


This equation separates into the elementary equation sin x = 1/2, 
whence ° . ; 
x,=(—Ite-+en, k=0, £1, £2, ..- 


and the equation sin x —- 2 cos x =—2 of type (1), whence 
X, = 2nm, x, =— Darecos + Ima, n, m=0, £1, +2, ... 


All the roots of the three groups lie in the domain of the original 
equation and thus are its solutions. 
Il. Solve the equation 
cos (%3*) — 2 cos? (st 3*) +2 cos (4 3*) —cos (77 3*) © 
= Sin (1 3*) + 2 sin? (m 3*)—2 sin (4x 3*) 
+-2 sin (uw 3**1)— sin (71 3*) 


To make chis equation more compact, denote 13* by y to get 


cos y-—2 cos? y-+ 2 cos 4y— cos Ty 
= sin y+ 2 sin? y—2 sin 4y +2 sin 3y—sin 7y. 


By transposing all terms to the left side and trying out a variety 
of grouping possibilities, we find the most acceptable one: 
(cos y—cos 7y) -+ (sin 7y—sin y) + 2(cos 4y-+ sin 4y) 
—2 (cos? y+ sin? y)—2 sin 3y =0 
whence ; 
2 sin 4y sin 3y + 2 sin 3y cos 4y + 2 (cos 4y-+ sin 4y) 
—2(sin3y+1)=0 (8) 
If we now factor 2 sin 3y out of the first two terms and compare the 
resulting expression with the third term, it will be clear that these 
three terms can be represented in the form of a product of two factors, 


one of which coincides with the last term of equation (8); and so (8) 
can be written in the decomposable form 


(sin 3y +- 1) (sin 4y + cos 4y— 1)=0 
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This enables us to write down three groups of solutions: 


a4 2kn nn n mr 
Be =e are aca “Uae 


. where k, n and m are arbitrary integers. 
Recalling that y = x3*, we obtain an infinity of equations for de- 
termining the roots of the original equation: 


es ae k=0, +1, +2, ena 


) 
| 
n=0, +1, +2, sees : (9) 


Saez, m=O, 1, ob? ... | 


In other words, any value of x that satisfies the first equation of (9) 
for some integer k is a solution of the original equation. We thus have 
to find all the roots of the first equation of (9) for each integral value 
of &. The same goes for the other two equations of (9). 

At the examination, some students did not fully understand the set 
of relations (9), regarding them as a system of equations. That is, 
they sought only those values of x which (for certain integers k, n, m) 
satisfy the three equations (9) simultaneously. There were-also mista- 
kes in determining the roots of the equations (9). In some cases the roots 
of these equations were written down formally (for example, it was 
‘asserted that the roots of the first equation of (9) “are the numbers 
logs [(—1/6) ++ (2k/3)], where & is any integer”) without the necessary 
and proper analysis of those (integral) values of k, n, m for which the 
equations of (9) have solutions. 

Yet before solving the equations (9), one must recall that the equa- 
tion 3*=a has a (unique) root only for positive a and it is given by 
the formula x = log; a. Therefore the equations (9) have solutions 
only for those (integral) values of k, n, m for which the corresponding 
right members of the relations (9) are positive. 

It is easy to see that the right side of the first equation of (9) is posi- 
tive for integral k >0; the right side of the second equation of (9) is 
positive for integral n > 0; and the right side of the third equation of 
(9) is positive for integral m > 0. Thus, we have to solve (9) only for 
the indicated values of k, m, n. The resulting values of x are then the 
toots of the original equation: © 
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Some examination problems call for finding not the whole set of 
roots of a trigonometric equation but only those which satisfy certain | 
supplementary conditions indicated in the statement of the problem 
(say, roots lying in a certain interval of values). 

Such problems may be worked in the following manner. Write out 
all roots of the equation at hand, then choose those for which the sup- 
plementary conditions are valid. Incidentally, it is sometimes simpler 
to seek only the solutions required and not write down all the solutions 
of the equation. 

12. Find all the solutions of the equation 


V1-+sin2x—V 2 cos 38x=0 . (10) 


lying between x and 3n/2. 

This equation can be solved by squaring, but then at the end of the 
solution we will have to discard all extraneous roots and after that 
choose from the remaining ones those which satisfy the inequality 
nm <x < 3n/2. We will approach the problem differently. | 

Since V1 + sin 2x = |sin’x + cos x|, the equation (10) can be 
rewritten as , 

[sin x+-cos x |--/ 2cos 3x=0 | 


First let us get rid of the absolute-value sign. It isnot necessary how- 
ever to consider all possible cases sirice we only need to find the roots 
of this equation that satisfy the inequality n<x< 8n/2. But in 
the third quadrant both sine and cosine are negative, and so (over the 
interval we are interested in!) the original equation can be reduced to 


(sin x-+ cos x) +V-2 cos 3x =0 


or, after obvious manipulations, 
cos (2x5) cos (x+4) =0 


The groups of solutions of this decomposable equation are then ordi- 
narily written out and those are selected that lie between 1 and 3/2. 
But it is possible to get the answer at once without going through all 
these computations. 

Indeed, consider first the equation cos [2x — (x/8)] = 0 or, denoting 
2x — (n/8) by t, the equation cos ¢ = 0. We are only interested in 
the values of x which satisfy the inequalityxr<x< 3x/2; from this 
it follows that 


mt 1 : rm 
20 a <x 2x— <3n—| 
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Thus, we need only the roots of the equation cos ¢ = 0 that lie in the 
interval between 2n — (n/8) and 3n — (1/8). Referring to Fig. 56, 


_the graph of the function y = cos ¢, we see that on this interval the 


cosine vanishes only once, ‘at the point ¢ = 5n/2, Therefore, 


nx ox 2ln 
2— AZ, whence Xone 


In analogous fashion, we see that between x and 3m/2 there is only 
one value of x, namely x = 11/8, which satisfies the equation 
coslx + (x/8)] = 0. 


Fig. 56 


Choosing the solutions of a trigonometric equation is a frequent 
procedure when the equation is obtained from some original equation 
involving more than trigonometric functions (say from an equation 
involving logarithmic and trigonometric functions). In such cases, 
the role of “supplementary” conditions is often played by inequalities 
defining the domain of the original equation. 

13, Solve the equation 

log—x~6x (sin 3x-++ sin x)= log_ys_¢, sin 2x (11) 
“To 10 


The logarithms involved in the statement of the problem are imme- 


diately eliminated, but it would be a grave mistake to assert that the 
original equation is equivalent to 


sin 3x-+sinx =sin 2x (12) 


because the transition from (11) to (12) extends the domain of the va- 
triable, which means ther may be extraneous solutions among the so- 
lutions of (12), : 

Hence, by Statement B of Sec. 1.9, to solve the original equation 
(11) it suffices to solve (12) and choose those roots that lie in the domain 


of (11), which is to say, that satisfy the inequalities 


sin 3x-+sinx > 0, sin2x>0, —6<*<0 (13) 


(it_is left to the reader to obtain these inequalities). 
Equation (12) can then at once be rewritten as 2 sin 2x cosx = 


"= sin 2x. Since sin 2x > 0 in the domain of the original equation 


[see (13)], we get cos x = 1/2 after cancelling out sin 2x, whence 


x= tF+2kn, k=0, 41, +2, .., 
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From among these roots we choose those that satisfy the conditions 


). ‘ 
To do this, it is more convenient. to consider, in place of the result- 
(io single formula for the roots, two groups of solutions of equation 
12): 
x= > +2nn, X,=— B+ 2ma, n, m=0, 1, +2, ... 


and for each of them separately to find those (integral) values of n 
and m for which the appropriate roots satisfy all three inequalities of 


(13). 

Let us first consider the first group x,. Apparently, the strongest of 
the restrictions (13) is the third one, and so we start with it since it 
will enable us to sweep out the greatest number of roots. © 

For the first group of solutions of (12) the third inequality of (13) 
is of the form 

—6< z+ nn <0 (14) 


Do not forget that we are only interested in the integral solutions of 
this inequality. Here the easiest way to find such solutions is by runn- 
ing through all cases. It is quite clear that for any integer n > 0 the 
middle portion of inequality (14) is positive, and so the inequality is 
not satisfied by a single nonnegative integral value of n. Furthermore, ~ 
for an arbitrary integer 1 <—2 we have (using the fact that « > 3) 
qt Ils 11.3 
which is to say that inequality (14) is not satisfied by a single integer 
n<-—2. Consequently, we have yet to check and see whether the va- 


lue n = —I satisfies (14). Since for this value of n the middle part of 

(14) is clearly negative and since (by virtue of the fact that x < 3.2) 
a a a ae | 
fn — pe > b> 6 


it is clear that the value n = —I does indeed satisfy inequality (14), 

Thus, of the entire group of x; solutions of (12) only one value, x*= 
=—5n/3, satisfies the third inequality of (13). Direct verification® 
shows that this value also satisfies two other inequalities of (13), 
that is, x*=—5z/3 is a root of the original equation (11). 

The second group x, of solutions of (12) could be investigated in 
similar fashion, but we can save time if we think to first check the 
second of the inequalities of (13). This check shows that not one of 


= Incidentally, this verification need only be carried out in order to establish 
the inequality sin 2x*> 0. If, furthermore, we recall that x* {Is a root of (12), that is, 
sin 3x*--sin x*==sin 2x", then it will be clear that the inequality sin 3x*--sin x* > 0 


follows from the inequality sin2x* > 0. 
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the roots of the second group x, satisfies the condition sin 2x > 0 
and, hence, is not a root of equation (11). 

There are also problems which involve choosing the roots of a trigo- 
nometric equation, but for a different reason, the aim being to find 
only those roots which are common, say, to two trigonometric equa- 
tions. 

14. Solve the equation sin 7x ++ cos 2x =—92, 

At first glance, this problem does not seem to contain any peculiari- 
ties. But as we proceed with the manipulations it becomes clear that 
the equation is somewhat odd. It does not separate into several ele- 
mentary equations but reduces to a system of two (elementary) trigono- 
metric equations in one unknown. 

Rewriting the original equation as. 


[1 -+- cos ($—-7)| + [1+ oe 2x] =0 


and transforming each of the expressions in square brackets, we arrive 
at the relation 


cos? (F-4) + cos? x= 0 (15) 


As we know, the sum of the squares of two quantities is zero if and only 
if both the quantities are equal to zero, Hence, the original equation 
is equivalent to a system of two equations in one unknown: 


16 
cos x= 0 ~ 
We thus have to get all the solutions of system (16), that is, all the 
values of x which satisfy both equations of the system. 

The first equation of system (16) has the following group of roots; 


3x, Qkn. 
sash 7 Ya er a k=0, tI, +2, eee 


the second equation, the roots 
| =F+nn, n=0, +1, +2, .., 


We have to choose all values of x which simultaneously appear in both 
-groups (that is, to find all values of x which belong, for some integer 
k, to the first group and, for some integer n, to the second group). 

To do this, we take advantage of the trigonometric circle,* on which 
we mark with points the values of x which lie in the first group for k = 


* Selection of the values of x belongitig to both the indicated groups can also be 
done in a purely analytic fashion (without resorting to the trigonometric circle), 
by the method used in Problem 4 of Sec, 1,2, 
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= 0, 1, 2, ..., 6 (Fig. 57). We note that the points representing the 
other values of x of this group (for the remaining values of &) are repe- 
ated every 7 units (for instance, a point associated with a value of x 
when & = 9 coincides with the point associated with the value of x 
for k == 2, and so on). The values of x of the second group are marked 
with crosses for n = 0, 1; the points associated with the other values 


of n are repeated every two units. 


Fig. 57 


From Fig. 57 it is clear that the groups under consideration have in 
common those values of x which are associated with the upper endpoint 
of the vertical diameter; these values are obtained ‘from the second 
group for n = 2p, p= 0, +1, +42, ... and from the first group for 
k=7¢+1,q=0, +1, +2,.... 

_ Thus the solution of system (16) and, hence, of the original equation, 
is 
x=t+2Qpn, p=0, £1, +2,... 


In this solution we made use of the transformation of the original 
equation to the form (15). A little ingenuity however will suggest how 
to dispense with that. 

- Take a closer look at the original equation. Its left member is the 
sum of a sine and a cosine, the right member is the number —2: But 
by the property of a sine and cosine, the inequalities sin 7x >—1, 
cos 2x > —1 hold true for arbitrary x, whence by combining these in- 
equalities we get sin 7x -+ cos 2x > —2. Hence, the original equation 
is satisfied if and only if both terms of the left member are equal. to 
—1, which is to say, when x simultaneously satisfies the two equations 


sin7x=—1, cos2x=—-] . 
We again arrive at a system of equations in one unknown; its solu- 
tion can be carried out in a manner similar to that used to solve sys- 
tem (16). 
15, Solve the equation 
2 sin (x +4) =tanx-+cot x (17) 
173480 
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Elementary manipulations yield 


sin (x +4) sin 2x = 1 (18) 


cos (x4) —cos (3+) _ 2 


The result is an equa'ion of the same type as considered in the preced- 
ing problem. The reader will find no difficulty in performing the rest 
_of the solution. 

However, a careful examination of equation (18) suggests that an 
apt employment of the properties of trigonometric functions will save 
us extra manipulations. The key to the solution here is that the sine of 
any argument (number) does not exceed unity in absolute value. 

Therefore the product in the left member of (18) can equal 1 in only 
two cases: when each of the factors is equal to 1 or when each of the 
factors is equal to —1. Thus, the number x will be the root of (18) 
if and only if the number satisfies one of the following two systems of 


equations: 
sin (« +5)=1 or sin (x +9) =-1 
, sin 2x = | sin 2x = —1 


We consider the first system. From the second equation we have x = 
= (1/4) + kn, k = 0, +1, +2, ... . Substituting these values of x 
into the first equation, we get sin [(n/2) +- kx] = 1, which is only va- 
lid for even values of k, that is, when k = 2n, n = 0, +1, = oy ae 
Hence the solutions of the first system are x = (m/4) +- 2nn, where n 
is an arbitrary integer. 

Solving the second system similarly, we see that it does not have 
any solution, and so the solutions of the first system are the roots of 
the original equation. 

But the shortest solution of (17) is that which makes good use of ine- 
qualities, The right member has absolute value greater than or equal 
to 2 for any (admissible) value of x, whereas the absolute value of the 
left member does not exceed 2. And so equation (17) can only be satis- 
fied by those values of x for which both sides of (17) are equal either to 
2 or to—2. Let us consider these possibilities. 

The right member of (17) assumes the value 2 when tan x=cot x= 
= 1, that is, when x = (n/4) +kn, k=0, +1, +2, .... The 
left member of (17) assumes the same value when x = (x/4) + 2nn, 
n=0, +1, +2,... . The common part of these two groups, namely, 
the ics x = (a/4) + 2nn, n any integer, yields the roots of equa- 
tion (17). 

Now, the right member of (17) is equal to —2 when x = (3/4) + 
+ nn, n = 0, +1, +2, ... . But for these values of x the left member 
of (17) is 0 and, hence, the equation. is not satisfied. 
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Trigonometric equations involving parameters besides unknowns 
constitute a special group. In these problems the first thing to decide 
is the values of the parameters for which solutions exist. And of course 

. the solutions themselves must be found (depending on the parameters), 

Although solving problems involving parameters does not presuppose 
any additional knowledge, the necessary investigation is at times ra- 
ther difficult logically and technically. 

16. For every real number find all the real solutions to the equation 


sin x + cos (a-+ x) + cos (a—x) =2 
Combining the second and third terms of the left side, we at once 
get an equation of type (1): 
sinx-+2 cosacosx=2 
It is natural to solve it by the auxiliary-angle method. But it will - 
then be necessary to take into account the various possibilities which 
arise for various values of the parameter a. 


The conditions defining the auxiliary angle may be written down 
as follows: 


: be '  2Qcosa 
sn pS ————_—_—_—_—_— cos Pp FE ———_—_— 19 
p V 1+4 costa’ B V 1+ 4 cos? a (19) 


Then the last equation can be reduced to the form 
2 
cos (x ~f) = Vitteste (20) 

This equation is known to have roots only if the right member does 
not exceed 1 in absolute value. But since it is positive (the principal 
square root!) for arbitrary a, equation (20) has solutions only for those 
values of the parameter a which satisfy the inequality 

2 
V 1-4 costa oe 

(for the other values of a, equation (20) has no roots). 

It is not difficult to solve this inequality (see Sec. 1.10). It reduces 
to the form cos? a> 3/4, whence 


—titkn<act+ha, k=0, +1, 42.0.6 (21) 


To summarize: equation (20) (and, hence, the original equation) 
has solutions only for those values of a that satisfy Condition (21). 

It is now easy to find the solutions of (20), (and, hence, of the origi- 
nal equation) that correspond to any value of a satisfying Condition 
(21): substitute the expression for the auxiliary angle B into the follow- 
ing equation: 


= + arccos +2nn, n=0, Ss Ds as 


2 
V 1+ 4 cos? a 
17* 
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Many students went straight to (19) without thinking very much 
and wrote down for B the expression obtained from the first formula of 
~~ p= aresitt— 

= V 1+ 4 cos? @ 
But the angle B defined by this equation does not satisfy the second 
condition of (19) for all values of the parameter a. This angle lies in 
the first quadrant (because the expression under the arcsine symbol 
is positive for all values of a), and so its cosine will also be positive for 
all values of the parameter a. Yet the second formula of (19) indicates 
that for. cos a< 0 the cosine of the auxiliary angle must be negative. 

The following hint may be an aid in choosing the expression for the 
auxiliary angle 8. Since sin B is always positive [this is evident from 
the first formula of (19)I, it follows that the angle 6 itself may be cho- 
sen either in the first or in the second quadrant. But this is precisely 
where the arc cosine lies. And so for the auxiliary angle wecan take 


2 cosa 
V 1+ 4cos? a 

The foregoing example shows that in problems involving a parameter 
it is not always possible to choose the auxiliary angle so that it lies in 
the irst quadrant and is expressed by a single formula suitable for 
all values of the parameter. 

17. Find all the solutions of the equation 


B = arccos 


(sin x + cos x) sin 2x =a (sin® x + cos? x) 


located between n/2 and x. For which values of a does this equation have 
at most one solution satisfying the condition n/2< x< n? 
The given equation can at once be written in the decomposable form 


(sin x ++ cos x) (sin 2x —a+-asin x cos x) =0 


and so there is always (i.e., for any value of the parameter a) at least 
one root located in the interval at handa/2< x< q, namely the root 
x = 3n/4 of the equation sin x + cos x = 0. 

Now let us seek the remaining solutions of the original equation, 
that is, the solutions of the equation sin 2x — a + asin xcosx =0 
or (2 -+ a) sin 2x = 2a. 

For any value of the parameter a different from —2, this equation 
- can be represented in the form : 

: 2a 
sin 2x = aa : (22) 
We are only interested in the roots x which are located between 1/2 
and x. But in this case, n < 2x < 2n and so sin 2x must be nonposi- 
tive but not less than —1. Hence, equation (22) has roots located 
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"between 1/2 and m only for those values of the parameter ay —2 for 
which 


—l< <yt 7a < <0 (23) 
This inequality can readily be solved: -2/3< a< 0. 
Thus, for every value ofa satisfying the condition ~2/3 << a< 0, 


equation (22) has roots lying between 1/2 and. There are no 10 such roots 
for the remaining values of a different from —2. 

Now let us find the roots x of (22) that lie between 1/2 and x, assum- 
ing that —2/3< a< 9. To do this, denote 2x by y and rewrite (22) 
as sin y = Qal(2 + a). We determine those roots 4 y of this equation 


Fig. 58 
(for —2/3 << a< 0) which satisfy the condition x < y< 2n. Since, 
by virtue ‘of “inequality (23), the anele 

= arcsin ra 5 


lies between —z/2 and 0 (see Sec. 2.5), it is easy to see, using the tri- 
gonometric circle in Fig. 58, that the equation sin y = 2a/(2 + a) - 
has only two solutions satisfying the condition ~< y< 2x, namely, 


UP = m—aresin pee and 4 yy = 20 + aresin ae 


And so the roots of equation (22) (for —2/3< ax 0) lying between 
w/2 and m are ; 


I 1 : 
“=> aresin sr xy=ats aresin 5s Ta 
Thus; to summarize, when —2/3 << a< 0, the original equation is 


satisfied by three numbers: Sn/4, x1, L. Shi is not however grounds 
for asserting that the original equation has more than one root for each 
value of a in the indicated interval, because it may turn out that x= 
== X a= 3n/4 for some of these values of a. That is exactly what hap- 
pens when a = —2/3 and only for that value. This can easily be seen. 
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Consequently, for —2/3< a< 0 the original equation has three 
roots in the interval n/2< x< a, namely 3n/4, x1, x.; for the remain- 
Ing values of a, except a = —2, there is only one root, 3/4. 

So far the case a == —2 has not been analyzed. Given this value of 
the parameter, we cannot consider equation (22) and have to make a 
direct study of the equation (2 + a) sin 2x = 2a, which (for a= — 2) 
assumes the form 0 = — 4. Since this equation does not have any roots, 
the original equation for a=-—2 as well has only one root, 3/4, 
in the interval between x/2 and nx. 


Exercises 


1. How are the angles a and # related if it is known that (a) sina—=sin B, 
(b) cos a=cos f, (c) tana=tan B, (d) sina—cos fp? 


2, Determine whether the equation asin x-+-bcosx=c has any solution. 
Solve the following equations. 


3. sin 2x— tan (1/6) cos 2x=1, 

4, sin [2x—(m/2)]-+-cos [2x—(n/12)]== V2 cos [3x-+ (1/6)]. 
5. sin 8x—cos 6x= Y 3 (sin 6x-+-cos 8x). 

6. sin 3x-+4 sin? x-+4 cos «=5, 

7. 2sin 4x—3 sin? 2x=1, 

8 —2+4cos?z=cosz+ VY 3sinz. 

9 


. 2sin? (F cost == 1—cos (msin 2x). 


1+ tanx ; 
10. T-pcot x 2sinx 
It. 2 [!—sin (F-*)| = V3tan = ; 


12. 3 cos? x—sin? x—sin 2x0. 

13. cot [(7/4)—x] =5 tan 2x+-7. 

14, 2cos 2x-+- sin 8x—2==0. | 
7 


coe = pate in 
15. 7 00S | = cos qt sins. 


. 16. tanx=(2+ V3) tan (x/3). 
17. cos (10x-+ 12) 44 VW 2Qsin (5x-+6)—4. 
3 {—Ux\  orz ig (TX) — 1x 
18. cot ( Fe) V3 cot ( TEE) = Scot ( cr) 
19. 4 sin* x-+- cos 4x=1-+-12 cos4 x. 


” 20. sin 3f cos t= tant 


(2 sint z—1) by 
4 x 
cos 7 


21. 


i 


22. sin’ x-+ cos8 x = Ht cos? 2x, 


. sin’ 2x-f- cos® 2x == 


. cos? x-+ cos? (F) + cose ($) + cos! (4) == 2, 
> sin y-+-cos 8y = 1—2 sin® y-+-sin Qy. 
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. sin 2x sin 4x sin6x= + sin 4x, 


- cos? (x—y)-+ cos? (0.5x-+- B —y) 


2 cos (0.5% —B) cos (x —y) cos (0.5x-+-B —y) = 3. 


. sin? x-+sin 2x sin 4x-+...--sin nx sinn’x=1. 
. Sin x-+- sin 2x-+-sin 3x+ sin 4x =0. 


30. sin x cos 2x-}+- sin 2x cos 5x = sin 3x cos 5x. 

sin x+-sin 3x-t- sin 5x 2 
uh cos x-+-cos 3x-+ cos prt a ee 

: cos 2x 
32, C08 SIN ae 
33. sin 3x-+ sin x-+-2 cos x= sin 2x-+2 cos? x. 
2 

34 = (tan x—cot x)= tan? x-+ cot? x—2. 

V3 ( ) + . 
35 Vu sec? x-+-16 (stan ¥ Sec x1) =2tanx(1-+4 sin x). 

5 as Ge Sy 
36. ptcostx— cos? x-+- Vy: +eostr— 5 cos? x= x 
37. sin aan ia (m2*)— 2 sin (812%, = 8 sin? (12*) +-2 cos (312*) 
—cos (12*)— cos (572%), 

38, 2 cos? (14*)— sin (n4*+1)-1 sin (m4*t4/1)_9 cos (14**'/2) = 0, 
39. 6 tan x-+-5 cot 3x= tan 2x. _ 
40. 5 (sin x-+-cos x)-+ sin 3x—cos 3x==2 V2 (2+ sin 2x). 
41. Find all the solutions of the equation 


sin x-+sin V (l—cos x ?-++ sin? x=0 


lying between 5n/2 and 7m/2. : 
42. Find all the solutions of the equation 


V 1—cosx+ V 1+ cos X_Asinx 


cos x 


between 0 and 2x. 
Solve the following eatin: 


43. tan 2x tan 7x =: 
44. logg,_ ys (— cos x— cos 3x) == log, 6x— x8 See cos 2x), 
TI “TT 
45. logy, _ 4244 (sin 3x—sinx) = logg,_ ya 4 COS 2x. 
=< = 
40. sin x+-sin 9x==2. 47, cos x-—-sin 3x==—2 
48. sin () —sin (3) = 2, 49. cosx cos6x=—I], 
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50. (sinx —V3cos x) sin3x=2. 51. cos(n Vx) cos (nm V x—4) = I. 
52. sinxw sin 7x= 1. 53. tan x—tan 2x=sin x 
54. Prove that the equation 

sin 2x-++sin 3x+-...--+ sinnx=n—1 

has no solutions for an arbitrary integer n > 2. 

55. For which values of a does the equation 


4sin (++) cos (:—-$) =a?-+ Y3 sin 2x—cos2x 


have solutions? Find these solutions. 


56, Determine for which values of a the equation a?—2a-} sec? x (a+-x)=0 
has solutions and find them. 


57, For which values of a does the equation sin? x-+-sinx—a=0 have 
solutions? Find the solutions in the interval O<x < Qn. 


58. Solve the equation sin4dx-==mtanx, m> 0. 
59. For which values of 6 does the equation 
bcosx b+sinx 
2 cos 2x—1~ (cos? x—3 sin? x) tan x 
have solutions? Find these solutions. 
60. For which values of a does the equation 
a? __ sin? x-+-a?—2 
1—tan?x™ — cos 2x 
have solutions? Find these solutions. 
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To solve a system of trigonometric equations means (in accord 
with the general definition of a solution to a system of equations given 
in algebra) fo find all sets of values of the unknowns that make all equa- 
tions of the system true statements simultaneously. 

Ordinarily, when solving trigonometric systems the attempt is 
made either to eliminate one of the unknowns by expressing it in 
terms of the others in one of the equations of the system, or to reduce 
the trigonometric system to a system of algebraic equations by aptly 
introducing new unknowns or via a transformation of the equations of 
the system. , 

Naturally, when solving systems of trigonometric equations one 
must be careful not to lose any solutions or to discard any extraneous 
solutions if they have been introduced. 

The solution of trigonometric systems does not require any special 
techniques or knowledge extending beyond the ordinary course of tri- 
gonometry. Nevertheless they involve certain difficulties, one of which 
is.due to the fact that these systems, as a rule, have infinitely many 
solutions. For this reason, the proper notation of the set of values of 
the unknowns which constitute a solution, the choice of needed solu- 
tions, etc. may be complicated by the necessity to regard different cases 
or to solve auxiliary inequalities, 
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1. Solve the system of equations 


i--tanx 
T-+tanx =tany 
Aa 
X—Y= E 


The second equation makes it easy to express one of the unknowns 
in terms of the other. This suggests that the system is best solved by 
direct elimination of one of the unknowns; it then reduces to an ordi- 
nary trigonometric equation. 

- Which unknown is eliminated is immaterial, we choose y. Since 
y = x — (n/6), substitution:of this expression into the first equation 
of the system gives a trigonometric equation in «x: ; 


[—tanx Tt 
1-+-tanx = tan (x4) 


The left member of this equation can easily be reduced to 
tan [(x/4)— x]. Then with the aid of the formula for the difference 
of tangents we get 


sin (2x75) =0 whence Ox —t = kn, k=0, tl, Bed kee 


Hence, the solutions of the original system are: 


iy a (214 er 2 

i) a a in) k=0, cl, +2, oe 
A check, which is obligatory, convinces us that all the pairs x, y of 
values that we obtained satisfy the original system. We emphasize 
the fact that to each integer & there corresponds a pair of values x, y 
computed from these formulas; such a pair constitutes a solution of 
the original system. The original system has an infinity of solutions 

2. Solve the system of equations 


x Yr ee ee a 
tan + tan ~—cot 5 =O 
1 
cos (X—Y-— 2) = 
Xf ypZ=T 


The last equation permits eliminating 2 at once. Substituting z = 
== 1 — (x + y) into the first two equations, we get a svstem of two 
equations in two unknowns: 


Xx y x+y 
tanz + tan-> = tan—>~ 


(1) 


; f 
COs 24 = — > 
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The second equation can be solved immediately: 
xk ak, k=0, +1, +2, ... (2) 


It would now seem natural to substitute this expression for x into the 
first equation of (1) and thus reduce the system (1) to a single equation, 
But this method leads to a rather unwieldy trigonometric equation in 
y (though it can be solved of course). 

Let us try a different approach. We will transform the first equation 
of system (1). Applying the formula for a sum of tangents to the left 
member and performing obvious manipulations, we get the relation 


sin 4 (cos =+4— cos = cos $) =0 (3) 


Equating to zero the first factor, we get an algebraic relation involv- 
ing x and y: 
xty=2nn, n=0, +1, +2, ... (4) 


If we now recall the expressions for x and z, it will be easy to get the 
first group of values of the unknowns: 


=k FA, k=0, 1, £2, ..., 


w= FZ+(Qn—k)x, n=0, 41, £2, ..., (5) 
2, =n—2nn 


Equate the second factor of the left member of (3) to zero. Using the 
formula for the cosine of a sum, we at once get the relation sin (x/2) x 
x sin (y/2)=0. But by (2), sin (x/2)40 and so sin (y/2) =0, whence 
y = 2mn, m an integer. Recalling the expressions for x and z, we find 
the second group of values of the unknowns: 


x= > +hn, k=0, +1, +2, ..., 


y, = 2mn, m0, stl, £2, ..., 
Z,>= nF —(2m-+-k) x 


A check shows that both of the groups just found are indeed ‘solutions 
of the original system. 
_ A few words are in order concerning the notation of solutions to 
trigonometric systems. 

In solving this problem, many students reasoned as follows: “Since 
it follows from (4) that y = 2nn — x, then, taking into account ex- 
pression (2) for x, we find ; 


y=2nn t Pha = Ft (2n—k) 0” (6) 
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Some even tried to substantiate the legitimacy of this formula: “Since 
in (2) we can take both signs (plus and minus), so in the expression 


‘for y we have to take both signs, and this is indicated in (6) by the 


+ sign there.” . 

Actually, the expression (6) for y is not true: because if-we take a cer- 
tain value of x corresponding to the choice of a plus sign in (2), then 
the appropriate value of y corresponds to the choice of a minus sign in 
the second formula of (5). Thus, the signs in the formulas of (5) do 
not indicate an arbitrary choice of signs (plus or minus) in each of the 
formulas but a very definite choice: in all these formulas we take 
either both upper signs simultaneously or both lower signs. 

It is important to understand properly the notation of (5). In parti- 
cular, it means that to each choice of values & and n there correspond 
two solutions, or two nitmber triples x, y, z, of the original system. 

Another typical mistake of students is that they frequently denote 
arbitrary integers by one and the same letter. For example, in place 


of (4) many students wrote x + y = 2kn, & = 0, +1, £2, ... and, » 


taking into account (2) and the expression for z, they obtained [in 
place of (5)] the group 


xa p+hn, y= otha, z= n— km 


Although these number triples do satisfy the original system, many 
of the solutions have been lost. The reason is that in passing from the 
equations of system (1) to the equations for.x and x + y, we must 
retain the independence of these equations by introducing distinct 
integral parameters k and n [as was done in (2) and (4)] and not con- 
nect them by introducing one and the same integer k. 

3. Solve the system of equations 


cosx-+cosy=1 


* BAN, 
cos 5 + COs <7 = 5 1 


In this system there is no equation that would permit us to express 
directly one of the unknowns in terms of the other and thus eliminate 
one of the unknowns. And so we will try to transform the equations 
of the system in order to obtain an algebraic system of equations in 
certain trigonometric functions of the unknowns x and y. 

The cosine of any angle, it will be recalled, can be expressed in terms 
of the cosine of half an angle. This suggests denoting cos (x/2) by u 
and cos (y/2) by v and writing the first equation of the system in terms 
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Dp ee a a 


of w and v.* Obvious transformations lead at once to the system 


3 
2 [ eengranally 
u? -L y? — 5 


which is an ordinary algebraic system. ; 

This system can easily be solved. Isolating in the left member of 
the first equation the perfect Square of the sum of the unknowns lu 
and v and taking into account the second equation, we get the value 
of the product wv. Thus, we obtain the following system: 

u-us a I 
wo 
which can be solved by the familiar reduction to a quadratic equation 
(via the converse of the Viéte theorem). However, it is easier simply 
to guess the solution of the last system. It is evident that there are two 
pairs of such numbers,* that the sum of these numbers is equal to 
(V 2/2) —1 and the product is equal to —// 9/2: 


m%=V22, u.=—1, u,=—1, v,=V 2/2 


Hence, to determine the unknowns x and y we must now solve two 
systems of equations: 


vw! 


x V x 
te aaa ; cos = — 1 
and 
[an re y V2 
COS = 1 COS == 


whence we find two groups of solutions of the original system: 
= ob 5 + 4en, Y= 20+ 4a, k,n=0, +1, +2, hey 
x, = 20+ 4pn, Yp= > + 4qn, P, gq=0, +1, 42, ... 
In the next problem, again, elimination of one of the unknowns 


‘cannot be carried out directly, but the system can rather simply be 


tion and then, transforming the left member of the first equation to cos (x/2) and 
cos (4/2), eliminate cos (x/2). The result would be a quadratic equation in cos (y/2). 

** Of course our guess does not mean that the system does not have any other 
solutions. For complete rigour -we must refer to the fact that any system of the form 
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reduced to a form that permits finding the solutions. The peculiarity 
of this problem is that we will not be interested in all the solutions of 
the trigonometric system but only in those that satisfy certain supple- 
mentary conditions. 
4. Find all the solutions of the system 
l 


|sinx| siny=—z 


cos (x+y) + 608 (¥—9) => 


that satisfy the conditions O<x<2n, n<y < Qn. 

To solve this system we employ the common technique of getting rid 
of the absolute-value sign. We consider two cases: sin x > 0 and 
sinx<<0. The former inequality is valid (with regard for the restriction 
on x imposed by the statement of the problem) for0 <x <q, the lat- 
ie forn <x < 2n. It is obvious that the equation x = x is impos- 
sible. 

To start with, let sin x > 0, that is, 0 < x <x. Then the first equa- 
tion of the system can be rewritten as sin x sin y = —1/4, and we can 
expand the product of sines into a difference of cosines; the original 
system is thus reduced to the system : 

1 


cos (x —y) — cos (x+y) = — > 


cos (x-+ y) + cos (x —y) =3 


whence we get a very simple system: . 
cos (X—-Y) => (7) 


cos(x-+y)=1 
This system can clearly be reduced to an algebraic system of two li- 
near equations in two unknowns: 


x—y=E42km, k= 0, £1, £2, :.., 


x-+ y= 2nn, n=0, +1, +2, ... 

which readily enables us to find all the solutions of system (7). How- 
ever the subsequent choice of solutions that satisfy the supplementary 
restrictions would be very awkward because we would have to solve 
inequalities in integers and run through a variety of possibilities. 

It is therefore easier to seek at once the needed solutions, that is, 
the solutions of system (7) lying in the intervals that interest us: 
0< x <n (we assumed that sin x > 0) anda<y< 2n. From these 
inequalities it follows that 

—2n <x—y <0 
mixty<3n 
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In other words, we have to find only those solutions of system (7) for 
which these inequalities hold true. 

But if the difference x — y lies between —2n and 0, then the equa- 
tion cos (x — y) = 1/2 is only valid in two cases: when x — y =—n/3 
and when +— y = — 5x/3. This can be seen, say, by referring to the 
trigonometric circle in Fig. 59 or to the graph of the cosine. Further- 
more, if the sum x -+-y is situated between x and 3x, then the equation 
cos (« + y) = 1 is valid in only one case, when x +- y = 2n, 


x 

W/ 

"Thus; .we have two linear algebraic systems: 
xX—Yy=—n/3 x—y = —5n/3 


and 
X-+y=2n X+y=2n 


whence we get, respectively, two solutions to our problem: 
x,=5n/6, y,=7n/6 and xX,=n1/6, y,=11n/6 


Fig. 59 


_ The case of sin x < 0, which is valid forn < x < 2m, is considered 
in the same manner and yields another two solutions to the original 
elem that satisfy the inequalities given in the statement of the prob- 
em: 

X= 70/6, y.=7n/6 and x,=11n/6, y,=11n/6 


5. Find the solutions of the system 
log, x logy 2-++1=0 
sin x,cos y= 1—cosxsiny 


which satisfy the condition x + y< 8. 

In solving this system, we again have to deal with a choice of solu- 
tions. But this time, besides the inequality x + y < 8 indicated in 
‘the statement of the problem there are other supplementary conditions 
necessitated by the fact that we have to ensure the existence of the loga- 
rithms in the system. Namely, we can only be interested in pairs of 
values of x and y such that for them x >0,9>0, 4741. 

- Remembering these supplementary conditions, we can easily reduce 
the first equation of the system to the form xy = 1, The second equa- 
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tion of the system can be rewritten as sin (x + y) = 1, whence x + y= 
== (n/2) + 2kn, k= 0, +1, +2,.... 

Thus, in place of the original trigonometric system we have the 
following infinite set of algebraic systems: 


xty=z+2kn,  k=0, £1, £2, «. (8) 
. xy = 1 

Here we are interested only in such solutions of each of these systems 
for which x -+ y< 8, x>0, y >0,y 4 1. Instead of solving all the 
systems of (8) and then choosing the solutions we need, we will start 
from the very beginning to seek the ones we need. p 

From the supplementary conditions x+y<8, x>0, y>0 
it follows that O< x + y<8 and so it makes sense to consider 
only those systems of (8) which correspond to (integral) values of & 
that satisfy the inequality 


0< +2 <8 


A direct enumeration (see Problem 15 of Sec. 2.3) shows that this ine- 
quality is satisfied by only two (integral) values of k, namely, k = 0 
and k = 1; the systems of (8) which correspond to the remaining va- 
lues of k cannot contain solutions of interest to us. 

It thus remains to solve the two algebraic systems 


Sat 
x+y=> and *tIS= QS (9) 
xy=1 xy | 
the first of which does not have any real solutions and the second of 
which yields 


5-+ V 25x? — 16 
{ag 


Bn— V 26m — 16 
| rn rs 


4 
5n— V 25n?— 16 ij __ Sa V 25n?— 16 
Ga2 7 Ay ’ a 4 


’ 


XX, 


We are convinced directly that for each of these solutions x > 0, 
y>0, y ~ 1. The first two of these conditions are obvious, inciden- 
tally, from the second system of (9) (because both the sum and the 
product of the numbers x and y are positive). As to the condition y 
~ 1, it can be obtained directly from the second system of (9). It does 
not have any solutions with y = 1. : ; 

Let us consider yet another system of trigonometric equations whose 
solution requires a certain amount of ingenuity in carrying out trigono- 
metric transformations. We give several modes of solution to illustrate 
a certain diversity of approaches that may prove useful in solving other 
trigonometric systems. 
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6. Solve the system of equations 
sinx-+ sin y==sing 


COS ¥-+4- COSY = Cosa (10) 


First mode. The underlying idea of this solution is to obtain a certain 
algebraic relationship between the unknowns x and y and then, via 
substitution, to eliminate one of the unknowns. In so doing, note that 
if we rewrite the original system as 


2 sin +4 cos “4 = sing 
(11) 
XxX a 
2cos +¥ cos 5 = cos & 


the left members of both equations contain one and the same factor 
cos [(x— y)/2]. If we could eliminate this factor, the result would be 
a trigonometric equation in x +- y which would then yield a linear 
relationship between x and y. 

Let us now carry through a full solution of system (10) by elimina- 
tion of the factor cos [(x — y)/2] from the equations of (11). 

First suppose that the angle a is such that cos a 0 (the opposite 
case will be given special. consideration below). Then, too, the left 
member of the second equation of (11) is nonzero and so we can divide 
the first equation termwise by the second to get 


Xty 


tan 7 = tana (12) 


whence ; 
X-+-y=2a+2kn, k=0, +1, 2, ... (13) 


Note that the transition from (12) to (13) leads to an equivalent 
equation. Indeed, if x-+-y = 2a + 2kn, then (x-+ yY/2 =a + kn 
and since tan (a -+ kn) = tan @ exists (cos@=40 by assumption), 
it follows that tan I(x + y)/2] is also meaningful and equation (12) is 
valid. > 
~ What follows now is obvious. From relation (13) we find 


y= 2a-+ kn — x (14) 


which is substituted into the second equation of the system (10): 
cos X + cos (2a + 2kn — x) = cosa. Now, making use of the perio- 
dicity of the cosine and transforming the sum of cosines into a product, 
we get the equation 2 cos a cos (x — a) = cosa. a 

Earlier we assumed that cos a ~~ 0, and so from the last relation it 
follows at once that cos (x— a) = 1/2, ie. x = a tb (n/3) + Qnn, 
n= 0, +1, +2,.... Substituting the values of x thus found into 
(14), we get the solutions of the original system (10): 


=O + +2nn, Y= uF F+2(k—n) x (15) 
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Here, & and n are arbitrary integers and in both formulas we take, 
simultaneously, either the upper or the lower signs. 

We have thus completed consideration of the case cosa #0. Ht 
must be borne in mind of course that all the foregoing relations (12), 
(13) and others and, in particular, the answer, (15), are valid only for 
those values of « for which cos a + 0 because they were all obtained on 
that assumption. For example, for the time being we cannot write for- 
mulas (15) for @ = 1/2, although in themselves these formulas are me- 
aningful for this value of a. 

Now let us examine the case when cosa = 0. It ean rather easily 
be reduced tothe preceding cases. Indeed, if.cosa = 0 then surely 
sin a 3£0, and so we consider the original system (10) under the 
assumption that sina 0. But then we can divide the second equa- 
tion of (11) termwise by the first to obtain 
aeey 

2 
whence again follows relation (13), but the difference is that previously 
this relation was obtained for all @ except when.cos @ = 0. Now it 
turns out that it is valid also for those values of « for which cos a =0, 
that is for all a. ; 

Furthermore, in (13) expressing y in terms of x and substituting (14) 
into the first equation of (10), we now find (since sin a =£ 0) that 
cos (x— a) = 1/2 for arbitrary a. We can thus conclude that formulas 
(15) constitute the solution of the original system (10). 

Second mode. The same idea (obtaining an algebraic relationship bet- 
ween the unknowns and eliminating one of them) can be effected diffe- 
rently. To do this, note that if the first equation of (10) is multiplied 
by cosa and then sina times the second equation of the system is 


cot =cot a 


. subtracted from it, we get the relation 


sin (x—a@)-+ sin (y—a@) =0 
Obviously, if we simultaneously have cos a 0 and sin « =~ 0 (these 
were the quantities we multiplied the equations of the system (10) by!), 
then in place of (10) we can, from now on, solve the equivalent system * 
sin (x —a) + sin (y—a) =0 
(16) 
cos x-+ cos y= COS @& 


The first equation of this system rewritten in decomposable form, 


(X49 XY 
sin ( 5 a.) cos 5 =O, 


* We might with equal justification consider the system 
sin (x——a)-+ sin (y—@) =0 
sinx + sin y = sin & 
18-3480 
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makes it necessary to consider two possibilities. If 


sin (4-2) =0, that is, x+y = 20+ 2kn 
where & is an arbitrary integer, then we can express y in terms of x 
[see (14)] and substitute the resulting expression into the second equa- 
tion of (16). We then get a trigonometric equation in the single un- 
known x: 

2 cos a cos (x—a) = cosa 


or, since cos @=£0 by hypothesis, it follows that cos (x—«a) = 1/2, 
whence we readily find the solution (15) of the original system. 

We still have to consider the second possibility, namely cos [(x — 
— y)/2}=0. The simplest way is to rewrite the second equation of 
the system (16) as ; 

2 cos $4 cost — cos a 
whence it is evident that, since cos q + 0, the equation cos [(x— 
— y)/2] = 0 is impossible because then system (16) becomes inconsis- 
tent.* , 

It now remains to examine the cases sin @ = 0 or cosa = 0. If 
sina = 0, then direct substitution of the resulting values (15) into 
the original system (10) shows that the system is satisfied, that is to 
say there are no extraneous solutions among the solutions’ (15). The 
very same thing goes for the case when cos @ == 0. Hence, the formulas 
(15) describe the solutions of system (10) for all values of «. 

Third mode. The underlying concept here is simple. Using a funda- 
mental trigonometric relation (the sum of the squares of the sine and 
cosine of any argument is equal ‘to 1) attempt to obtain from (10) an 
equation involving only the unknown x and another equation involv- 
ing only y. 

‘To do this, rewrite the original system (10) in the form 


sinx = sina—siny 
COS ¥ =cosa@—cosy 


square each of these equations and combine. Obvious transformations 
yield the equation cos (y— a) = 1/2, whence y— a = sk (1/3) + 
“+ 2kn, k an integer. If (10) is rewritten so as to isolate sin y and cos y 
in the left members of the equations and carry through the same opera- 
tions, we get the equation cos (x — a) = 1/2, whence x— a= 
= + (2/3) + 2Qnn. 


* If from the relation cos[(x—y)/2]=0 we found a relationship between x and y 
and then eliminated one of the unknowns by substituting the appropriate expression 
into the second equation of (16), we would get the relation cosa=0. Since this rela- 
a is invalid, the second possibility does not lead to any solutions of the original 
system, 
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We thus have four groups of values of the unknowns (note here that 
the relations y— a = +(n/3) + 2kn and x—a@ = (x/3) + 2nn 


are absolutely independent, and so we have to take all possible combi- - 


nations of signs): 


x, =a-+3 + 2Qnn, y= ay + 2ka, 
x,=a+5-4+ Ona, Y,=a—z-+ kn, 
x,=a—Z-+ Onn, Yy=O-+ + ka, 
My =a—Z-+2nn, Y, =a—F+ 2k 


where & and n are arbitrary integers. 

It would be premature to regard all four groups as solutions of the 
original system (10) since we squared the equations and this operation 
might have introduced extraneous solutions. A check is required. 

The check only involves certain purely manipulative difficulties. 
For example, let us check the first group. Substitute the expressions x, 
and y, into the equations of system (10). Obvious manipulations yield 
the equations 


2 sin (a+) sina V3cosa=0 
or 
2cos (a+) = COS V3sina=0 


which cannot be valid simultaneously. Hence, the first group is not 
a solution of system (10). In the same way we see that the fourth group 
is not a solution of the original system. Now the second and third 
groups do satisfy the original system[they coincide with solution (15)]. 

Fourth mode. This is yet another effective approach to the solution 
of system (10). It utilizes the peculiarities of the system and gets the 
result in a very simple manner. This time the underlying idea is to in- 
voke the theory of complex numbers, more precisely, their geometric 
interpretation. 

It may be noted that the system (10) is equivalent to the equation 
z:+ 2, =w relating the complex numbers 


z,=cosx+isinx, z,=cosy+isiny, w=cosa-+isina 


where w is known (since its argument a is given), and 2;, 2, are unknown 
complex’ numbers. It is further clear that |z:]= lz2| = jw] = 1. 

Thus the problem of solving system (10) reduces to this: for each 
complex number w with absolute value 1, find two complex numbers 
z, and z, with unit moduli whose sum is equal to w, Clearly, it suffices 


18* 
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to determine only the arguments of the numbers z, and z,, since their 
moduli have the specified value of 1. 

Let point A represent the known number w; since jw] = 1, A will 
lie on the unit circle with centre at the origin (Fig. 60). Points B and C 
which depict the sought-for numbers z, and z, must also be located on 
this circle. The equation z,+ z,= w geometrically signifies that OA 
is a diagonal of a parallelogram whose nonparallel sides OB and OC 
are equal and are equal to this diagonal. But then the triangle OBA 
must be an equilateral triangle, or ZBOA = ZAOC = 2/3. 


Fig. 60 


From this it is clear that since a is the argument of the given number 
w, then a -+- (/3) is the argument of one of the desired numbers and 
a — (x/3) is the argument of the other. It will be recalled that all the 
arguments of a (nonzero) complex number are obtained from one of 
them by formula (3) of Sec. 1.5. Therefore all the arguments of one 
of the unknown numbers.are of the forma -+ (n/3) + 2kx, k any inte- 
ger, arid all the arguments of the other, of the form a — (1/3) + 2Qnn, 
n any integer. If we now notice that the numbers z, and z, are of equal 
status (we may assume that point B represents the number z, and point 
C the number 2s, or vice versa, that B represents z, and C represents 
21), we get two groups of solutions defined by the formulas 


x= a-+ E+ Qko, y= a—Z + Qnn, 
x, =a—F + 2Qnn, Yy= O43 + Qh 


where k, n are arbitrary integers. This answer coincides with the ans- 
wer. (15). 
We conclude this section with an example of the solution of a 
system of trigonometric equations involving a parameter.. 
7. Find all the values of a for which the system 
; sin x cos y= a? 
sinycosx=a 


has solutions and find these solutions, 
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Adding and subtracting the equations of the system, we get the 
system 


sin (x—y) =a’—a 
It is clear that this system has solutions if and only if the following 
two double inequalities are valid simultaneously: 
—V<a-acl (18) 
—l<a@—a<l 


The first of these double inequalities can be rewritten as a system of 


two quadratic inequalities: 
@+tat+l>o 
@+ta—l1<o 


the first being valid for arbitrary values of a, the second, for 
—I~V5 —i+V 5 
tar <a< ae (19) 
It is this interval that serves as the solution of the first double inequa- 
lity of (18). 
The second double inequality of (18) can also be rewritten in the 
form of a system of two quadratic inequalities: 
@&—a+l>0 
@—a—1<0 
the first being valid for arbitrary a, the second, for 
VE eg citV 2 (20) 
This interval is the solution of the second double inequality of (18). 


Consequently, the solution of the system (18) of double inequalities 
is the common portion (in set theory, it is called the intersection) of 


the intervals (19) and (20), namely, 
I—V 5 —I+y5 
Ve cgerty (21) 
For these values of the parameter a, the original system of trigonomet- 
ric equations has certain solutions; for all other values. of a, it does 


not have any solutions. 

It is not hard to find solutions of the original-system, given condi- 
tion (21). Indeed, for any value of the parameter a in the interval 
(21), system (17) can be rewritten as follows: 


x-+y=(—1)"aresin(@+a)-+na, n=0, +1, +2, ..., 
x—y = (—1)*arcsin (a?—a) + kn, k=0, +1, +2, ... 


sin(x-+y)=a@+a | (17) 


i aa ie Lh, 
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whence 
be > [(—1)” arcsin (a? + a) + (—1)* arcsin (a2—a) + (n+ k) x], 
y= > [(—1)” aresin (a? + a) —(—1)* arcsin (a?—a) + (n—h) nm] 
where 2 and & are arbitrary integers. 


Exercises 


Solve the following systems of equations. 


1. ry=% 2. xp y =a 
sin (=+7) sin (v+F) =y. sag = 
3. tanx-+coty=3 4. tanxtanz=3 
_ a tan y tanz=6 
ls-yl=z- k-+tyte=n. 
5. sinx-+secy=2 6. sin (x—y)=3 sin x cos y—1 


sin xsecy=—. sin (x-+-y)=—2 cos x siny. 


7. Find the solutions of the system 


Pe sin (1 —y-+-x*) cos 2x = cos (y—1—x?) sin x cos x 
DY +2 


log, > “pirat =2—y% 


that satisfy the condition y—!—x24-2x>0, 
8 Find the solutions of the system 
sin x= sin Qy 
cosx=siny 
that satisfy the conditions O<x<cn, O<sy<n. 
9. Find the solutions of the system 


|sinx|=asiny (a> 0) 
tanx=2 tan y 
that satisfy the conditions 0 <x < 2n, 0<y < 2n. 
10. Determine for which values of a and 6 the system 
tan x=acot x 
tan 2x=6 cos y 


‘has solutions. Find these solutions. 
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- The student of secondary school does not have mtich to do with in- 
verse trigonometric functions and, consequently, usually has a hazy 
idea of just what they are. The theory of these functions appears to be 
complicated and overloaded with cumbersome formulas that cannot be 


derived or memorized. 
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' Actually, inverse trigonometric functions are not so complicated. The 
starting definitions are very simple and all one needs to handle them 
effectively is a firm grasp of trigonometry. As to the enormous formu- 
las that some textbooks give, there is no need either to remember them 
or tobe able to derive them. 

First of all, it is important to clarify the difference between Arcsina 
and arcsin a. From the properties of the function y = sin x it follows 
that for —1 < a< 1 there are an infinity of angles x which satisfy 
the equation sin x = a. This infinite number of angles is symbolically 
denoted by Arcsin a. Of this infinite set of values, there is one which 
lies in the interval froni —n/2 to m/2: This angle is sometimes called 
the principal angle and is denoted symbolically as,arcsin a. All this 
is pictorially represented in Fig. 61, which displays the graph of the 


Fig. 61 


function y = sin x. Points on the x-axis mark the angles included in 
Arcsin a; and the point a enclosed in a square between — x/2 and x/2, 
is arcsin a, 

Thus, arcsin a is an angle whose sine is equal to a and which is located 
between —n/2 and n/2. This definition may be written compactly and 
formally as follows: 


a=arcsina if (1) sina =a and (2)— 2/2 <a<a/2. 


A very common and serious mistake of students is this: for example, 
when they see an equation like ¢=sin a, they often immediately write 
a = aresin t. This is not correct since from the equation ¢ = sin 
it only follows that the angle a is in the set denoted by Arcsin #, but it 
does not in the least follow that it also satisfies the second condition 
—W2<a<an/2. 

Another common mistake is the incorrect statement of the second 
condition. Instead of the proper formulation, we hear things like this: 
“The angle lies in the first or fourth quadrant.” But this phrase; the 
exact meaning of which is that the terminal side of the angle (radius 
vector) lies in the first or in the fourth quadrant, expresses something 
quite different from the second condition of the definition. For example, 
the radius vector 9m/4 lies in the first quadrant but the inequality 
—n/2< 9n/4 << n/2 is not valid. ; . 

Similarly, the definitions of the other inverse trigonometric functi- 

‘ons merit careful scrutiny, These definitions are conveniently tabula- 
ted below, 
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@=arcsin a @==arccos a a=arctan a @==arccot a 
“| . 


(1) sina=a, (1) cosa=a, (1) tana=a,_ . (1) cota=a, 
(2) —n/2<acqan/2 | (2)0<a<a | (2) —n/2<a<n/2|(2)0<aen 


The definitions and trigonometric formulas given above are quite 
sufficient to solve a variety of computational problems involving in- 
verse trigonometric functions. We now take up a few typical examples 
of this kind. Some of them will yield very useful formulas. 

1. Compute arccos (— 1/2). 

According to the definition, the angle @ = arccos (—1/2) lies bet- 
ween 0 and x and its cosine is equal to —1/2. Consider the trigonomet- 
ric circle in Fig. 62; let the positions OA and OB of the radius vector 


Fig. 62 


correspond to angles whose cosine is equal to —1/2 [these angles thus 
belong to Arccos (—1/2)]. The curved arrow depicts the angle a which 
lies ces 0 and x; clearly, a = 2n/3, that is, arccos (—1/2) = 
= 21/3. 

2. Compute cot larccos (—1/3)]. 

First of all, do not de frightened by the aspect of expressions like 
this one. If the definitions are firmly grasped and the trigonometric 
formulas are at your finger tips, there is nothing difficult about this 
problem. What does it call for? We have to find the cotangent of the 
angle @ = arccos (—1/3). By the definition of the arc cosine, we can 
write that cos @ = —1/3 andO< a< 1m; since the cosine is negative, 
the angle a lies in the second quadrant: n/2<a< x. The problem 
is thus reduced to the following simple one: 

Given that n/2<a< xn and cosa = —1/3, find cot a. 

This problem is solved by means of the fundamental relations bet- 

. : : cos @ cos & 
ween trigonometric functions. We have cot a=: sina esate 
(the sine in the second quadrant is positive; as usual, the radical sign 
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denotes a nonnegative root), whence we finally get 


cot a = cot | arccos (—3)| = ees 


-3. What is the solutions of cos (arcsin a), ja] < 1? 

Let « = aresin a, then (1) sina =a and (2)—a/2<qa< n/2, 
We thus know the sine of the angle and it is required to find the co- 
sine of that angle. But cos?a = 1 — sin’a, that is, cos’a = 1— a’. 
How do we find cos a now? It is clearly sufficient to find the sign of 
cos a. But the angle @ lies between —z/2 and 1/2, and in this interval 


the cosine is nonnegative: cos a > 0, and so cosa = V1 — a®, Thus 
cos (aresin a) =V1 —a@? 
Similarly, it can be shown that the formula 
sin (arccos a) = V1 —a? 
holds true. 
4, Find the solution of cos (2 arcsin 2/3). 


Taking advantage of the formula for the cosine of a double angle, 
cos2a = 1— 2sin’a, we get 


cos (Zaresin 5) = 1—2sin? (arcsin 3) == |—2- ($)=3 


3 
Here, we also made use of the formula. 
sin (arcsin a) =a 
which follows from the definition of the arcsine. 
Similar formulas are valid for the other trigonometric functions as 
well: 


cos (arccos a) =a, tan(arctana) =a, cot (arccot a) =a 


A separate group of problems have to do with different notations of 
an angle, that is, the notation of an angle through the use of different 
trigonometric functions. For instance, to each angle, say 1/6, there 


corresponds a definite value of the sine: sin = = 1/2, of the cosine: 


. 


cos = = V3/2, etc. Hence, this angle may be written in two distinct 


‘forms: as arcsin 1/2 and as arccos V3/2. 
Another example of thesametype is afforded by Problem2 above. From 
the answer to this problem it is evident that the angle % = arccos (—1/3) 
may: be written in the form a= arccot (—V 2/4) since cot @ = 
=-—V 3/4 and O<a<n. Actually, it was demonstrated in this 


problem that both notations designate the same angle. 
This aspect—establishing the fact that distinct notations designate 


one and the same angle—is of great importance in the solution of 
problems in geometry. Suppose, in a problem in which it is required to 
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determine an unknown angle, we got the answer & = arccos (—1/3). 
But the same problem can be solved differently, and the answer may, 
generally speaking, be quite different; say, « = arccot (—V 2/4). 
What this all amounts to is that different notational forms should not 
bother the student. : 

5. Prove that 

> arccos — arctan > = f+ arccos = 

Let us double each of the three expressions and then attempt to prove 

that 
3 los 4 
arccos — = 2 arctan 3 =7—Aarecos = 

Note first of all that the three angles lie between 0 and n/2. For the 
first angle this is obvious since if a = arccos 3/5, then 0 <Saca 
and cos a = 3/5 is positive, whence what is required follows. The 
same goes for the angle n/2 — arccos 4/5. Finally, if B = arctan 1/2 
this signifies that —n/2<B < m/2 and tan B = 1/2. Hence, the angle 
B lies between 0 and m/4 and so the angle 2 arctan 1/2 lies between 0 
and 1/2. 

Since all three angles lie between 0 and 2/2, to prove their equality 
it suffices to demonstrate that some trigonometric function, say the 
cosine of each of the angles, has one.and the same value. Indeed, we 
easily find 


cos arecos 2) =2 
i ect: Bt aa 


1— tan? (arctan x) 


i ee et 
1+ tan? (arctan x) 


Ei > oer £) = V/1—cos 4 3 
cos ($—arecos 5 ) = Sin (arceos >) = 1—cos (arccos =.) = 


(Note that arccos 4/5 is an angle in the first quadrant and so we choose 
the plus sign in front of the radical!). The proof is complete. 

Unfortunately, many mistakes are made in the solution of problems 
of this kind. The basic and worst mistake of this type is the following. 
In establishing the equality of the angles, a check is made to see that 
_ Some trigonometric function of each of the angles has the same value; 
on this basis the conclusion is drawn that the angles are equal. But such 
a conclusion is totally unjustified. For example, the angles arcsin 1/2 
and arcsin (—1/2) are clearly equal, but 


cos (arcsin +) = COS [arcsin (— z)| ae ae) 


2 


cos (2 arctan ) = 


a 
2 5° 


The whole point is that it does not follow from the equality of the cosines 
(sines, etc.) of two angles that the angles are equal, However, if we are 
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able to demonstrate that the angles lie, say, between 0 and 1/2 (as j 
the foregoing problem) then the equality of trigonometric functic ie 
implies the equality of the angles. ue 

6. Find the angle arcsin 1/3 + arcsin 3/4. 

Let a = arcsin 1/3, B = arcsin 3/4, y = a + f. To find the angle 
it is first necessary to find one of its trigonometric functions, [t would 
seem to be natural to compute sin y: 


siny=sin («+ 6) = sina cosp-+sinB cosa 
‘at 9,3 71. VF = 
=5 Vi-pte Vga 
But how do we find the angle y itself? As we already know, we cannot 


write y = arcsin V4 SV? without having first found out whether 


y lies in the interval from —z/2 to 1/2, It is not so easy to determine 
this in the given case. Therefore let us try to solve this in a differen; 
way by first analyzing the condition. We know that the angles « and 
B lie in the interval from —z/2 to x/2, but their sines are positive so 
we can state more exactly that they lie between 0 and x/2, that is 
O0<a< m/2,0<Pp<n/2, Adding these inequalities we get : 


0<y<u 


It is now clear that the angle y can be determined if we know the co. © 


sine of it: 

cos p= cosa cos h—sinasinB a 

. = V ihe Via 2V 14—3 
sa 9 IG 8 


To summarize: (1) cosy = pela (2) O0<y<a,* 


Consequently 
y= arccos . cs 


I 


7. Find the angle 2 arctan (— 3). 
The angle a= arctan (— 3) obviously satisfies the inequality 


—n/2<a<0, whence —n < 2a <0. Now what function can be ~ 


used to determine 2a? There are different ways of approaching this, 
ene way. Multiply the last inequality by —1 to get 1 > — 2a > 0, 
en 
cos (— 2a) = cos 2a =p ---F 


F * ty clear that if0<y <a, then surely the inequality O<yeqn is valid (see 
ec, he * 
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Thus, (1) cos (~ 2a) =— 4/5 and (2) 0<—2a<n. Consequently, 
— 2a = arccos (— 4/5), or 2a = — arccos (— 4/5). 

Second way. From the inequality —~n< 2a <0 it follows that 
0< 2a + =< m. Furthermore, cos (2a + m) =—cos 2a = 4/5. But 
if these two conditions hold, then 2a + = = arccos 4/5, that is, 
2a = — a + arccos 4/5, : 

Third way. From the inequality —n<2a<.0 it follows that 
—n/2< 24 + 0/2 << n/2. Furthermore, 


! 1—tan? 4 
tan (20 +5) =— cot 2a=— ye = — an” &% 


2tanae 3 
And so 2a, + «/2 = arctan (— 4/3), whence we get yet another answer: 
2a = — n/2 + arccot (— 4/3). 

Three modes of solution have thus yielded three different answers. 
But all these answers only appear to be different, actually they are me- 
rely different forms of notation of one and the same angle, and this can 
be shown in the same way as was done in Problem 5. 

The next problem is of a type that often causes considerable diffi- 
culty, although all that is needed to obtain a solution is a good know- 
ledge of definitions. 

8. Find the angle arcsin (sin 10). 

By definition, « = arcsin (sin 10) is an angle that satisfies two condi- 
tions: sin @ = sin 10 and —n/2< a < n/2. The easiest way to deter- 
mine this angle is by means of the graph of the function y = sinx 
(Fig, 63). Plot the number 10 on the x-axis and find sin 10 geometri- 


cally (this is the ordinate y of the point on the graph corresponding to 
x = 10) and then draw the horizontal line y = sin 10. The abscissa of 
one of the points of intersection of this straight line with the graph lies 
in the interval from —x/2 to n/2. This abscissa is the desired angle, 
since by the construction it lies between —mn/2 and m/2 and its sine is 
equal to sin 10. It can be computed by simple geometric teasoning. 
It is easy to see that the points « and 10 are symmetric about the point 
3/2 so that 10 — 3n/2 = 3n/2— a, whence a = 3n — 10. 

We now pass from these numerical examples to inverse trigonometric 
functions as such. 

The expression arcsin a is defined for numbers a that satisfy the con- 
dition —1<a< 1. We can consider the function 


y= arcsinx 


which associates with every number a a number y equal to the radian 
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measure of the angle arcsin a. This number is also denoted arcsina. 
The domain of this function (that is, the set of values of x for which it 
is meaningful) is the set of numbers in the interval from —1 to 1. 


Yy=aresiny ,Y 


Fig. 64 Fig. 65 


The other inverse trigonometric functions are defined in similar fa- 
shion. Their domains are: for the function arccos x, the set of numbers 
in the interval from —1 to 1, for the function arctan x and arccot x, 
the set of all real numbers. 


¥hr = @relan x 
z ¥ 


Fig. 66 


The graphs of the inverse trigonometric functions are shown in 


Figs. 64-67. Naturally, before they can be constructed the necessary 


properties of these functions have to be thoroughly investigated. 
For one thing, it must be proved that arcsin x and arctan x are increas- 
ing functions and that arccos x and arccot x are decreasing functions. 


Fig. 67 


: 0 a 
These proofs are not very difficult, but we do not give them here be- 
cause the graphs of inverse trigonometric functions are outside the 
scope of the secondary-school curriculum. We merely state them here 
for the sake of completeness. The interested student can carry out the 
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proofs by himself. On the one hand, this is a useful exercise, and on 
a other, employing these properties frequently simplifies problem 
solving. 
Let us consider some problems whose purpose is the proof of separate 
properties of inverse trigonometric functions. 
9. Prove the identity 
arcsin(— x) = — arcsinx, -l<x<l 


Rewriting this equation as —arcsin (— x) = arcsin x and denoting 
a=arcsin (— x), we get, by definition, (1) sin a=—.x and (2) —F< 


<a > . However these conditions imply at once that 


sin (—a)=—sina=x and >>—a>—= 
Dee ry =D 


but this signifies that —a = arcsin x, which completes the procf. 

The identity that has just been proved may be stated as follows: 
y =arcsin x is an odd function. 

Note that we have no grounds to assert that y = arcsin x is an odd 
function for the reason that y = sin x is odd. Reasoning in that fa- 
shion we could then assert that the function y = cos x is even and so 
y = arccos x is also even. Yet this is obviously not true since, for 
example, arccos | = 0 and arccos (~1) = 1 0. The relationship 
between arccos x and arccos (—x) is more complicated, 

10, Prove the identity 

arccos (— x) =m—arccosx, —l<x<1 


The proof is analogous to the preceding case. Let a = arccos (—x). 

This means that 

(1) cosa=—vx and (2) OSa<n 
but then cos (1 — a) =—cosa = x and 0>—a>—n, that is, 
n> 1—a>0 so that n—a = arccos x or m— arccos (—x) = 
= arccos x, which is what we set out to prove. 

Identities 9 and 10 permit us to simplify certain expressions. Also 
note that both these identities can be illustrated effectively on the 
trigonometric circle. , 

11. Prove the identity 

arcsin x-+- arccosx = + ‘ 

First method, The inequalities —n/2< arcsin x < n/2 and O< 

< arccos x< x imply that 


—l<x<l 


1 “ 3 - 
aan: < arcsin x + arccos c< 


Besides (see Problem 3), 
sin (arcsin x + arccos x) =x°-+V1—2@V1—x= 1, 
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But in the interval between —n/2 and 3n/2 there is only one angle 
whose sine is equal to 1, namely x/2, so that arcsin x -+- arccos x = 
= 1/2, and the proof is complete. 

Second method. The given identity is equivalent to 


arcsinx = 5 —arecos x 
. rie ’ 
But sin ($- arccos x) = cos (arccos x) = x and, besides, 


—F < +7 arccosx < 5 
(this readily follows from the inequality 0< arccosx< 1). Therefore, 
n/2— arccos x = arcsin x, which completes the proof. 

This identity is well illustrated on the trigonometric circle (do not 
forget to consider two cases: x >> 0 and x < 0). 
hae us solve a few equations that involve inverse trigonometric fun- 
ctions, 

12. Solve the equation arcsin x = n. 

This equation clearly does not have any solutions since arcsin x 
cannot exceed s/2. 

Many students solve this equation as follows: “We take sines of 
both members: sin (arcsin x) = sin, that is, x = sina = 0. The 
answer is then x = 0.” Where is the flaw in this chain of reasoning? 
The point is that, in the general case, the equations f(x) = g(x) | 
and sin f(x) = sin g(x) are not at all equivalent. The second equation 
is a consequence of the first but, naturally, can have extraneous roots, 
which is what happened in the case at hand. 

This should always be kept in mind because, when solving equations 
involving inverse trigonometric functions, one often has to take direct 
trigonometric functions of both members. Don’t forget to check.* 
A check of this erroneous solution would have shown that arcsin 0 = 
= 054 n, that is, the root x = 0 is extraneous. 

13. Solve the equation arccos x V3 + arccos x = n/2. 

Rewrite the equation in the form ; 


aay rif 
arccosx V 3 == 5—arccos x 


and take cosines of both members: 


cos(arccosx V 3) == cos ($- arccos x) 


or x V3 = V1—x. Now square both members of this equation 
(this may give rise to extraneous roots, but we already have to make 


* Also remember that since the functions tanx and cotx are meaningless for 
certain values of x, roots can also be lost when taking these functions of both sides, 
In short, handle them with care. 
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a check since we took cosines of both members!): 3x?== 1 — x?, whence 
4e°= 1, OF X4,2>> - 1/2. . 
Check. For x = 1/2, we have 


3 1 n,n _o 
arccos —~5— + AICCOS = | + eo 


- and, hence, x1== 1/2 is a root of the given equation. For x = —1/2 we 
have ; 
V3 1\ Sa , 2a 3n 
arecos (— a a + arccos (—s) = a ees 
which means x = —1/2 is an extraneous root. 


is eo . 4 5 
14. Solve the equation arcsin - ~+ aresin—= == arcsin x. 
Take sines of both members to get 


3x ie 4x i 
SV igs Vl 


x (BV 25— 16x? + 4 V 25 — 9x2) =.25x 
One root is obvious: x:= 0. It remains to solve the equation 
325 — 16x?-+ 425 — 9x? = 25 

For the sake of simplicity, set x?= y and solve the resulting irratio- 
nal equation by the usual technique of squaring, first isolating one of 
the radicals,* to get y = 1. 

Thus, x2= 1, or %2,3== +1. Now check. Since arcsin 9--+ arcsin 0 = 
= arcsin 0, then x,== 0 is a root. It is more difficult to verify the se- 
cond root. It reduces to proving or disproving the equation 


or 


_ 3 _ 4 #97 
arcsin = -- arcsin = => 


Let us prove this equation. The angle aresin 4/5 is a positive acute angle 
and its cosine is equal to V I-32 =; therefore arcsin 4/5 = 
= arccos 3/5. But then, on the basis of the identity of Problem 11, 


3 , 4 _ 3 3 ‘ 
arcsin + + aresin — = arcsin = -- aICCOs = = + == arcsin | 


so that-x,= 1 is a root of the original equation. Now, by Problem 9, 
we have the equations 


in a -+- arcsin vor = — aresi 3 arcsi 4 
arcsin | —< ze) = csin--— aresin 3 

. = — > =arcsin(—1) 
Thus, xs= —1 is also a root of the original equation. 


* This irrational equation is solved very simply if we note that y=1 is a root and 
the left member is a decreasing function. : 
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15. Solve the equation arcsin (1 — x) — 2 aresin x=y- 

First method. Rewrite the equation as arcsin (1 — x) = n/2 + 
2 arcesin x and take sines of both members to get, after obvious 
- manipulations, the equation x = 2x’, oF 41= 0, %2= 

A check shows that x.= 1/2 is an extraneous root. F 

Second method.’ The domain of the variable of our equation is de- 
fined by the inequalities 

: —j}<i—-x«<l, -l<x<l 
etO< xxl. Butifx>9, then 


Solving these two inequalities, we g 
9 arcsin x ~> 0 and 1—x<l, and so aresin (l— x) < n/2. Hence 


if x > 0, then 
arcsin(1—x)—2aresinx < 5 


so that x>> 0 cannot be a root. I 
which turns out to be a root. 
be continued, but it is clear that there 


Problems of this kind could 
in the theory, and a good knowledge 


is nothing particularly difficult 
of trigonometry and of the basic definitions of inverse trigonometric 


functions is quite sufficient for the solution of many problems. 


Exercises 
Evaluate the following angles. 


1. arcsin (— CS) _ aresin |], arcsin(—l). 


2. arccos (-45) , arecos(— l), arccos 0. 


l 
3, arctan{ ——==), arctan (—1). 
(-y3) = 


i 
4. arccot ( ——= 
( V3 
5. arcsin (sin 5), arccos (cos 10), arctan [tan (—6)], arccot [cot (—10)]. 
2 


\. arccot (—1), arccot 0. 


6. arccos 4 _arccos | arctan arctan ea 
5 4° 3 


Prove the following formulas. 


, a 
7. tan (arcsin peers mori —I<a<l. 


1— 
: 1 
8. sin (arccot a)=—==— - 
Vi+@ 


7 
I—@ cal, a #0. 


9. cot (arcsin a) = 


Prove the identities: 
10; arctan (— x)= -~ arctan ¥, 


19-3480 


t remains to check the value x = 0, - 


arccot (—2)— arctan mae 
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Il. arccot (—x) =n—arccot x. 
12. arctan x-+- arecot r= ; 
State for which values of x the following equations are true: 
18. arcsin x= arccos V1I—x. 14. arccot x= arctan - . 
Solve the equations: 
15. sin (3 arccos x) ==1, 

bY 


! = 
16. arcsin ———aresin V1—x=—. 
Vx 2 


17, arccot x= arccos x. 


18. arcsin x—arccos x= arccos 


V3 
2 


Chapter 3 GEOMETRY 


3.1 General remarks on geometry 


There seems to be a general dislike of geometry on the part of the 
student due, it would appear, to the fact that the student frequently 
regards geometry as a haphazard collection of definitions and theorems 
that have to be memorized. The result is that learning by rote is the 
practice, even down to the simplest designations, Yet geometric con- 
cepts and facts, if examined closely, are very logical, pictorial and 
natural, 

Some students have the idea that the statements of geometry have 
to be memorized word for word as given in the standard textbook. 
This is not true at all. Any statement (formulation) will do as long as 
it is clear-cut, exact and correct. . 

It is a well-known fact that many theorems may be proved in a va- 
riety of ways. All proofs are admissible as long as they are correct. 
Choose the one that is easiest to understand and carry through. Bear in 
mind that it isnot permissible to use a theorem which itself depends on 
the theorem to be proved. The result is a vicious circle that we must 
avoid under all circumstances. . 

Note in particular that the proofs of geometry must be exhaustive. 
All auxiliary theorems (lemmas) referred to in the proof of a theorem 
must be explicitly stated and, if necessary, proved. 

Some students have the habit of skipping a stage in a proof, stating 
that “it is obvious” or “quite clear”, etc. The student should be able to 
explain why this is so. It is therefore advisable, in going through 
proofs, do strive towards a complete explanation of every assertion, 
every step in one’s reasoning. In preparing for examinations, the stu- 
dent would do well to pose the question: Why? From what does that 
follow? Do not accept a single step of any proof on faith, do not leave 
any stage of a proof unclarified. 

in the study of geometry one should never forget that even the sim- 
plest notions (except of course such primary ones as point, line, plane) 
have definitions. Be ready to answer questions like “What is a right 


19* 


a 
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angle?” “Why is it possible to draw a plane through two paralle| 
lines in space?” and the like. It is well worth the effort to pay particu. 
lar attention to definitions and not substitute geometric images for 
them. For instance, we all readily recognize a circle, prism, pyramid, 
cone, sphere, etc. but not everyone can give a proper definition for 
each, : 

To illustrate, let us examine the prism. We all have an intuitive 
idea of what sort of an object a prism is, but students often give faulty 
definitions of prism. 

Some define the prism to be a polyhedron with two faces that are 
congruent polygons with respectively parallel sides and all other faces 
parallelograms. Firstly, one often loses sight of the fact that this only 
applies to convex polyhedrons. Secondly, even the convex polyhedron 
shown in Fig. 68 (it is called a rhombic dodecahedron; all faces are equal 


rhombuses, the planes of opposite faces are parallel, the edges of op- 
posite faces are correspondingly parallel) fits this definition. It is 
quite obvious that this polyhedron does not fit the geometric concep- 
tion of the prism, to say. nothing of the fact that formulas for the 
surface area and volume that are proved in textbooks for the prism 
are invalid here. 

The point is that in proving these formulas we assume that the prism 
has the form as we picture it geometrically, and so the definition 

should be made to fit this picture. 

- This can be done in different ways. For example, a prism is a convex 
polyhedron two faces of which are equal convex polygons with correspon- 
dingly parallel sides, while the edges joining corresponding vertices of the 
polygons are equal and parallel.* 

A different definition may be given by employing the concept of 
a cylindrical surface: the prism is a solid bounded by a cylindrical surface, 
whose directrix is a convex polygon, and two parallel cutting planes not 
parallel to the generatrix. 

Geometry, like all other divisions of mathematics, requires a cer- 
tain definite level of logical culture, so to speak. The ability on the 
part of the student to get a clear idea of what is given and what is re- 
quired in a proof, to be able io state clearly and succinctly each mathe- 


* Actually, ‘this definition is somewhat redundant. 
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matical idea. This is what the student should aim for in his study of 
geometry. 

“Commensurable and incommensurable segments” is a topic that 
causes a good deal of trouble since it is closely tied in with the new and 
logically difficult algebraic notion of irrational number. 

The most common mistake is that made in the method of establi- 
shing whether two given segments are commensurable or not. Some 
students argue in this fashion: “Given two line segments AB and CD 
(Fig. 69). Take the smaller one (AB) and lay it off on the larger one 


A Webededebedabattel 3 
Fig. 69 c ce c" 
ene OnE Benes 9 /) 


(CD), starting from some point C, until the larger segment is comple- 
tely exhausted, or a remainder (segment C’D) is left over, which is 
less than the segment AB. In the former case the segments AB and CD 
are commensurable. In the latter instance, we divide AB into 10 equal 
parts and lay off each tenth of AB on C’D starting from point C’ 
until it fits exactly or there is a new remainder—segment C"D, which 
is less than a tenth of AB. In the former case, AB and CD are commen- 
surable, in the latter, they are not and we divide a tenth of AB into 
10 equa! parts and lay off the hundredth part of AB on C’D, beginning 
from C”, and so on. If the procedure just described comes to a halt at 


some stage, that is, if some part of AB fits the appropriate “segment” 


an integral number of times, then AB and CD are commensurable. 
If the process does not end, then the segments are incommensurable.” 

The mistake here is easy to see. Indeed, can we decide whether line 
segments of length 3 and 4 units are commensurable or not? First the 
smaller line segment fits the larger one once and has a remainder of 
length 1; then 1/10 of segment 3 fits the remainder 3 times and has a 
new remainder of length 0.1; 1/100th part of a segment of length 3 fits 
the remainder 3 times and has a new remainder of 0.01, etc. This pro- 
cess is clearly without end, and so, by the “rule”, the segments of 
length 3 and 4 units are incommensurable. On the other hand, it is 
evident that these segments are commensurable after all, since: their 
common measure is a line segment of length 1. 


This “paradox” is resolved in a very simple manner: AB‘and CD | 


are incommensurable not when the procedure described above conti- 
nues indefinitely but when it leads to a nonterminating nonperiodic 
(nonrepeating) fraction. But if the process continues indefinitely but 
leads to a terminating periodic (repeating) fraction, then AB and CD 
are commensurable, just as in the case when the process comes to a 
halt at some finite stage. In the case of line segments of length 3 and 4 
units, we get a nonterminating periodic fraction 1.(3), which means 
the segments are indeed commensurable. 


294 : Ch. 3 Geometry 


Before reviewing questions connected with the length of the circum- 
ference of a circle, the area of a circle, and the surface areas and volu- 
mes of circular solids, the student should carefully examine the con- 
cept of the limit of a sequence. _ 

For example, the circumference of a circle is defined as the limit of 
the sequence of perimeters of regular inscribed polygons when the number 
of sides is increased without bound. 

Now the formula C = 2nR, which gives the numerical value of the 
circumference, is a theorem which is proved on the basis of the defini- 
tion. This also holds true for the area of a circle, the surface area of 
a cone, and so on. 

We bring this to the attention of the student because there is occasi- 
onally some confusion between the definition of the circumference of 
a circle and its evalution.* 

A few words are in order concerning the proof of the formula for the 
circumference of a circle. Many students think that the formula C = 
= 2nR follows from the duplication formula. Actually, by proceeding 
from the definition of the circumference we prove that for any circles 
the ratio of the circumferences is equal to the ratio of the radii, whence 
it follows that for all circles the ratio of the circumference to the dia- 
meter is one and the same number. This number is x. Thus, the equa- 
tion x = C/2R or, what is the same thing, C = 2nR, holds true by the 
definition of the number x. Hence, the duplication formula has no con- 
nection here. It can merely serve as an approximate computation of x. 

When proving geometric theorems and formulas, it is useful to make 
extensive use of trigonometry and algebraic methods. The trigonomet- 
ric form of many geometric statements (the cosine law, the formula 
S = 0.5ab sin C for the area of a triangle, the sine law) simplifies the 
proofs and is more convenient in problem solving. Trigonometric func- 
tions permit stating many geometric facts more simply and with suf- 
ficient generality, which it is not always possible to do in purely geo- 
metric terms. 

For instance, using trigonometric functions it is very easy to express 
the side of a regular n-gon it: terms of the radius r of an inscribed circle 
or the radius R of a circumscribed circle. Since the central angle sub- 
tended by one side of a regular n-gon is equal to 2n/n radians, it is 
clear that the side is 


a, == 2r tan = (1) 

Similarly, we are convinced that 
a, = 2R sin = | (2) 
* Logically, the situation here is similar to that which we encountered in defining 


and evaluating the sum of an infinitely decreasing geometric progression (see Sec, 
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Forn = 3, 4, 6, we get the familiar formulas for the sides of an equila-. 


teral triangle, a square and a regular hexagon. 

A very useful relation is 

a 
R= sand 8) 

which expresses the radius R of a circle circumscribed about a triangle in 
terms of a side and the opposite angle (this relation is used in proving 
the sine law). A curious corollary is: to compute the radius of a circum- 
scribed circle it suffices to know only one of the sides of the triangle 
and the opposite angle, yet these data do not fully define the triangle! 

Another frequently used relation in problem solving is 


S=pr (4) 


which relates the area S of a triangle with the semiperimeter p and the 
radius r of an inscribed circle. This relation is obtained directly from 
the obvious (Fig. 70) equation 0.5 ar + 0.5 br + 0.5cr= 8S. It is easy 
to see that this formula holds true for any polygon with inscribed circ- 
le (where S is the area and p the semiperimeter of the polygon). 


a 
IN 


Fig. 70 ; ZeEN 


It is interesting to note that an analogous formula may be written 
for solid geometry as well. If, for example, a sphere of radius r is in- 
scribed in a pyramid, then the volume V may be computed from the 


formula 
V = Sr/3 (5) 


where S is the total area of the pyramid. The proof of this formula is 
carried out in the same way as for the plane case. The centre of the 
sphere is joined to all vertices and then the pyramid can be conceived 
of as partitioned into several smaller pyramids. Then, noting that the 
radius of the inscribed sphere is the altitude of each of the subpyra- 
mids, we compute the volume of the pyramid as the sum of the volumes 
of the subpyramids. 

The part played by drawings in geometry is regarded by students 
differently. Some students look upon the drawing as something super- 
fluous; they give a rough sketch and argue without any reference to 
the drawing. Other students, on the contrary, take great pains with a 
drawing, consider it the decisive element in a solution, but do not even 
find it necessary to justify what, as they put it, is “obvious from the 
drawing”. 

Both of these extreme views are absurd. Naturally, even the neatest 
and most accurately drawn diagram cannot take the place of the logi- 
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cal proof of a geometric fact, because the drawing is merely illusg,g- 
tive and is intended to support the reasoning of the student (see Sec. 3.5 
for more on this point). It is therefore necessary to justify every geo- 
metric fact that we “see” in a drawing. Only then can we be sure that 
this fact is true and is not merely the result of a correct (perhaps eyen 
incorrect) drawing. ; 

However, the role of the drawing is not confined to illustrating the 
student’s reasoning in problem solving. It often happens that a pro- 
perly constructed drawing helps to suggest an approach or a theorem 
or the necessity to make additional constructions. In most problems, 
a drawing plays a very important part, which ofttimes amounts to 
hinting at the idea of a solution. It is therefore well to put a good deal 
of effort into making drawings accurately and to learn to see geometric 
facts in them that may be extremely suggestive (see Sec. 3.6 on that 
same subject). 

Sometimes a property extracted from the drawing permits reducing 
the solution of a problem to a couple of lines. The following problem, 
which has many solutions, is a good illustration of this point. 

1. A rectangle ABCD, side AB of which is equal to a, is inscribed in 
a circle. Draw diameter KP parallel to side AB, then side BC subtends 
at K an angle of 28. Find the radius of the circle. 

Let O be the centre of the circle, KP || AB, “BKC =2B and AB = q 
(Fig. 71). It is required to find the radius R of the circle 


Fig. 7) 


Here is a solution based on a superficial geometric consideration, 
Let M be the point cf intersection of diameter KP and side BC. 
Since R = KM — OM, we compute KM and OM. From the right 
triangle KMB we find that KM = BM cot 8. Drawing the line OB 
and noting that BOK is an isosceles triangle, we can conclude that 
ZBOM=2£p (as an exterior angle of this triangle), and so from the 
right triangle BOM it follows that OM = BM cot 26. Thus, R = 
=BM/sin 28. 

Drawing the diagonal AC of rectangle ABCD, we get, by the Pytha- 


gorean theorem applied to the right triangle ABC, (2R)? == a? ++ (2BM)?. . 


Eliminating BM from this and the preceding relation, we get the de- 
sired radius of the circle: R == a/(2|cos 28}). 


eae 
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However, the shortest solution to this problem is this. Start by 
drawing the diagonal AC; it is then clear that the angles BKC and BAC 
are inscribed and intercept (cut off) the same arc BPC, and so the right 
triangle ABC yields the answer at once. 

Of course, both solutions are quite admissible. In general, any cor- 
rect and mathematically sensible solution is legitimate, irrespective 
of its length. At examinations it is best not to spend too much time 
looking for an elegant solution and to stick to one reliable solution 
and carry it through to the end, even though it may be rather long, 
True an elegant solution of only a few lines is undoubtedly valued 
highly as an indication not only of knowledge but of keen geometric 
intuition and observation on the part of the student. 

Returning again to Fig. 71 which we used in solving this problem, 
an important point may be noted: the statement of the problem does not 
determine the drawing in unambiguous fashion. In Fig. 71 we took a 
rectangle ABCD with side AB = a the smaller side; again, at our own 
discretion, we chose the case when the angle BKC is acute. Actually, 
in carrying out the solution in accord with Fig. 71 we inserted supple- 
mentary assumptions that were absent in the statement of the problem. 

Such indeterminateness in the condition of a problem is rather fre- 
quently encountered and it is left to the student to supply the neces- 
sary additional restrictions (which are ordinarily not indicated expli- 
citly) when representing the geometric configuration in a drawing. 


Fig. 72 


Pp 


Strictly speaking, we should have considered all possible drawings 
and convinced ourselves that the choice of drawing does not in any 
way affect the answer. For instance, in Problem 1 we should have 
considered Fig. 72 (besides Fig. 71) and convinced ourselves that al- 
though the reasoning is somewhat altered, the final result is the same. 
This is not usually done because in a properly posed geometric problem 


"the answer must be the same for all possible drawings and so it suffices 


to solve it for one of them. 

The situation is more complicated when the supp! mentary assump- 
tions we make in the process of producing the drawing are not com- 
patible with the statement of the problem. For example, in the next 
problem even a developed imagination is not enough to give us an 
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idea of the proper configuration in space, and only in the course of a 
‘rigorous solution are we able to see the actual arrangement of the 
ae faces of a triangular pyramid are equilateral triangles with 
side a, the other two faces are isosceles right triangles. Find the radius 
of a sphere inscribed in the pyramid. 

Make the traditional drawing: let SABC be the pyramid (Fig. 73) 
and let the triangles ASC and BSC be equilateral triangles and 
ZASB=ZACB=9%. Use formula (5) to compute the radius r 
of the inscribed sphere. 

$ 


[\ 


Fig. 73 


Q 
B 

The surface area of the pyramid SABC is determined at once: 
S=a2(2+V 3)/2. To find the volume, we have to compute the alti- 
tude SH. Join H to the vertices of the base. Since the lateral edges 

are equal, so are their projections AH = BH = CH. But this signifies 
that H is the centre of a circle circumscribed about the triangle ABC. 
But since “ACB=90° the centre of the circumscribed circle must lie 
at the midpoint on the hypotenuse AB, that is, point H must coincide 
with Q, the foot of the altitude of the lateral face ASB dropped from 
S onto AB. 

Thus, the drawing in Fig. 73 is impossible, erroneous. Actually, 
the plane ASB is perpendicular to the plane ABC and the altitude 
_ of the pyramid coincides with the altitude SQ of the lateral face ASB. 

With the proper drawing we can readily determine V=a*1/2/12 
and then the desired radius of a sphere inscribed in the pyramid 
r= aV 2 (2—V3)/2. 

' Here is another problem in which the customary drawing does 
hot correspond to the statement of the problem and has to be replaced. 

3. Given a parallelogram ABCD with AB = 1, BC = 2 and angle 
ABC obtuse. Two straight lines are drawn through each of the points 
B and D, one perpendicular to AB, the other perpendicular to BC. 


The intersections of these four lines yield a parallelogram that is similar 
to ABCD. Find the area of ABCD, 
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Some students started the solution with the drawing shown in 
Fig. 74, where BE1.BC, DF|.BC, BGLAB, DH |.AB. By hypo- 
thesis, the parallelogram BNDM resulting from the intersections of 
the lines BE, DF, BG, and DH is similar to the parallelogram ABCD. 
To compute the area of ABCD we have to find the angle BAD (because 
the sides of the parallelogram are given). This angle is, acute, by the 
statement.of the problem; denote it by a. 

Let us first find the ratio BM: MD of the sides of the parallelogram 
BNDM. To do this,-it is necessary to establish which pairs of sides 
of the similar parallelograms ABCD and BNDM are corresponding 


Fig. 74 


sides. Draw the diagonal BD and consider the triangles BAD and BMD. 
Since Z ABD>Z ADB (because it is given that AD>AB in the 
triangle BAD), and 2 ABE=Z ADH (acute angles with correspon- 
ding sides perpendicular), it therefore follows that 2 MBD>Z MDB 
and so the inequality MD>8M is valid for the sides of the triangle 
BMD. Thus, in the parallelogram BNDM, side MD is greater than 
side BM, i.e., MD: BM >1. Since in ABCD it is given that BC: 

: AB=2->1, the pairs of sides AB and BM, BC and MD are similar,. 
and so MD: BM=2. 

Let us now compute the angle a. From the similarity of right tri- 
angles MED and MHB we conclude that ED: HB = MD: BM, 
that is, ED=2HB. But ED=AD— AE=2—cosa (from the right | 
triangle ABE it follows that AE=AB cos a==cos a) and HB = AB — 
—AH=1—2 cosa (from the right triangle AHD it follows that 
AH = AD cosa=2 cos a) and therefore 2—cos a = 2 (1 — 2 cosa), 
whence cos a=0, or a=90°. 

Having obtained the value of the angle a (which, by hypothesis, 
is acute), many students could not find a way out of this contradiction. 
Some attempted to find a mistake in the computations (but in vain 
because for the configuration drawn in Fig. 74 all computations are 
perfectly legitimate), other students stated that the problem does not 
have a solution. 

Few drew the correct conclusion: that the given result indicates that 
Fig. 74 does not satisfy the conditions of the problem. In other words, 
that under the conditions of the problem the configuration given in 
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the drawing is impossible.* It is thus necessary to find out whether a 
different configuration of figures that fits the condition of the problem 
exists or not. Unfortunately, insufficient geometric imagination pre- 
vented most students from finding the configuration shown in Fig. 75, 
where the parallelogram BNDM does not lie entirely inside the paral- 
lelogram ABCD. 


Fig. 75 


We will now solve the problem for the configuration shown in 
Fig. 75. Having established that MD=>BM (to do this it is sufficient 
to draw the diagonal BD and note that 2 MBD>Z MBC=90°) 
we conclude, from the similarity of the parallelograms, that 

BM __ MD 6 
Do = BC (6) 


Let K be the point of intersection of the straight line MD and side 
BC. From the similarity of the right triangles MBK and KDC it fol- 
lows that ; 


+ 


: DC ~ KE (7) 
Comparing (6) and (7) and noting that MD=MK + KD, BC = BK + 
+ KC, we get the equation 

MK _MK+KD MK _ KD 3 

KC BK+RKC KE =BK (8) 

However, it follows from the same similar triangles MBK and KDC 

that MK :. KC = BK : KD. Comparing this equation with (8) we con- 

clude that MK = KC. But then from (7) it follows that BM = DC = 1, 

and from (6) that MD = BC = 2. It thus turns out that the paral- 
lelograms ABCD and BMDN are equal. 

Since MK = KC, from the right triangle MBK by the Pythagorean 

theorem we find that MK?= 1 + (2— MK)?, i.e, MK=5/4. Final- 


* To be more exact, if in the parallelogram ABCD (with sides AB=1, BC=2 
and obtuse angle ABC) we draw perpendiculars BE, DF, BG and DH to get the pa- 
tallelogram BNDM lying inside ABCD (Fig. 74), then these parallelograms cannot 
be similar. , 
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ly, noting that 2 BMK=a, from the same right triangle MBK we 
find that sina = BK/MK =(2—KC)/MK =(2— MK)/MK = 3/5, 
Hence, the area of the parallelogram ABCD is equal to S=ABx 
*~ BC-sin a==6/5. 

The problem is solved. It turned out that the only configurafion 
satisfying the statement of the problem is when parallelogram BMDN 
does not lie entirely within parallelogram ABCD. It is interesting 
to note that some students drew the configuration of Fig. 75 from the 
very start and found-the area of the parallelogram ABCD, but did not 
investigate the possibility, under the conditions of the.problem, of 
the case of Fig. 74. Naturally, a complete solution of the problem 
is only that one in which both cases are considered. 


Exercises 


1. Define the following: (a) a convex polygon, (b) alternate-interior angles, (c) a 
circle inscribed in a triangle, (d) skew lines, (ec) the angle between two intersecting 
planes, (f) a spherical sector. . 

2. State whether each of the following assertions is a definition, an axiom or a 
theorem: (a) two intersecting straight lines can have only one point in common, (b) a 
tegular polygon is a polygon whose angles are equal .and whose sides are equal, 
(c) any three points in space always lie in one plane, (d) a straight line is perpendi- 
cular to a plane if it is perpendicular totwo intersecting straight lines lying in the plane. 

3. Let a straight line / lie in a plane x and let L be an arbitrary straight line 
not in that plane. Consider the theorem: if L is parallel to /, then L is parallel to 
the plane m. State the converse theorem, the inverse theorem, and the contraposi- 
tive theorem. Which of these theorems are valid? 

4. Prove that a triangle with sides 5, 13, 12 is a right triangle. How is this 
assertion related to the Pythagorean theorem? 

5. Is it possible to define the circumference of a circle as the limit of a sequence 
of perimeters of inscribed polygons when (a) the number of sides of the polygons 
increases without limit, (b) the sequence of lengths of the largest sides of the polygons 
tends’ to zero? , 

6. Prove that 3<n<4. : 

7. Consider the statement: “If in the triangles ABC and A,B,C, we have AB = 
=A,B,, AC=A,C, and £ ABC= ZA,B,C,, then AABC=AA,B,C,”. Is this proof 
correct? Place triangle AyB,C, on ABC so that side AC, is coincident with side AC, 
and vertex B, lies on some point B, located on the other side of the straight line 
AC from vertex B. Join the points B and B,. The triangle BAB, is an isosceles tri- 
angle (since AB,=A;B,;=AB) and so £ ABB,= Z ABB. Since Z ABC= Z AB,C 
(because / AB,C== 7 A,B,C,), it follows that 2 CBB,= ZCB,B, that is the tri- 
angle BCB, is isosceles and BC==B,C. Hence, the triangles ABC and AB,C have 
corresponding sides equal, or A ABC=A A,B,C. Is the original assertion true? 

8. Given in space two triangles with corresponding sides parallel. What can be 
said bent the straight lines connecting corresponding vertices of the first and second 
triangles? 

9. Prove that all three bisecting planes of the dihedral angles of a trihedral angle 
intersect along one straight line. 


3.2 Problems involving loci and construction problems 


Descriptions of collections of points having a cartain.property are 
of great importance in geometry. To handle questions of this nature, 
it is necessary to have a good understanding of the definition of a lo- 
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cus and to have a firm grasp of those loci encountered in the school 
curriculum. 
It often happens however that the solution of problems involving 
loci stems from the apt use of some geometric fact. 
1, Given a triangle ABC. Find (in the plane of the triangle) a 
locus such that the areas of the triangles ABM and BMC are equal. 
Note that these triangles (Fig. 76) have a common side BM. The- 
refore their areas will be equal if the altitudes dropped onto this side 
are equal. We thus have to find a locus of points M such that the dis- 
tances from the points A and C to the straight line BM are the same. 


Fig. 76 


Thus stated, the problem is simpler. We can at once state that any 
straight line parallel to AC has the property that the distances from 
it to the points A and C are equal, and so all the points of the straight 
line / which is parallel to AC and passes through vertex B of the tri- 
angle belong to the desired locus. 

We see that it is possible merely to “guess” the points of the plane 
having the required property. The foregoing reasoning does not ho- 
wever constitute a solution to the problem, although some students 
at the examination thought so. 

Indeed, we have the definition that a collection of points in a plane 
(or in space, if the problem is one of solid geometry) having a certain 
property is called a locus if (1) every point of the set has the specified 
property, (2) every point not belonging to the set does not possess that 

. property. . 

The fact that all points M of the constructed line / (Fig. 76) possess 
the property stated in the problem is quite clear. But we are seeking 
all the points of the plane having the indicated property. We did not 
ie that there are no other such points with this property in the 
plane. 

The question now is whether the line / exhausts the desired locus. 
No, it turns out, it does not. Any straight line passing through the 

. midpoint of AC has the property that the distances from it to points 
A and C are the same. But we have to choose that straight line which 
passes through the vertex B. Hence, all the points M’ of the straight 
line //—the median of the triangle A BC drawn from vertex B (Fig. 76)— 
likewise belong to the desired locus. This second “guess” convincingly 
shows that we cannot dispense with rigorous proof, for we will never 
be sure that we have guessed everything. 
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Here is a proof carried out without any preliminary conjectures. 
First let us make a few remarks in order fo establish the type of de- 
Sired locux, Extend indefinitely the sides AB and BC of triangle ABC 
(Fig. 77) and then consider separately two possible cases. 

(a) The point M having the required property lies inside the angle 
ABC (or inside the associated vertical angle A’BC’). Since the triang- 
les AMB and BMC have the same area, the altitudes AH, and CH, 
are equal and so also are the right triangles AOH, and COH, (point O 


Fig. 77 


is the intersection point of side AC and line segment MB or its exten- 
sion; it is left to the reader to make the drawing for the case when 
point M lies inside the angle A’BC’) and, consequently, AO=OC. 
Thus, M lies on the median of triangle ABC drawn from the vertex B 
(the median is assumed to be extended indefinitely). 

(b) Point M’ having the required property lies inside the angle ABC’ 
(or inside the associated vertical angle CBA’). Since triangles AM’B 
and BM'C have the same area, the altitudes AH, and CH, are equal 
and, hence, the quadrangle AHjH,C is a rectangle (AH; _| iH, 
CH; 1. H,H;, the sides AH; and CH; are equal and parallel; we leave 
it to the reader to make the drawing for the case where M’ lies inside 
the angle CBA’). Thus, point M’ lies on the straight line that is pa- 
tallel to side AC and passes through the point B. Me 

It is obvious that the points of the desired locus cannot lie on the 
straight lines AA’ and CC’, for then one of the triangles AMB or 
BMC would degenerate into a line segment. 

_ The foregoing reasoning shows that the desired locus can only con- 
sist of two lines: the median (extended indefinitely) of triangle ABC 
drawn through the vertex B and the straight line parallel to side AC 
and passing through B (which is to say we again arrive at Fig. 76). We 
have thus proved the following: if a certain point M of the plane has 
the given property, then it must necessarily belong either to the line 
for the line /’; in other words, every point of the plane that does not 
belong to these lines does not possess the given, property. 
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The proof of the statement that every point of the straight lines / 
and 0’ belongs to the desired locus is simple enough. If M is an arbit- 
rary point of / (Fig. 76), then triangles ABM and CMB have the same 
area since they have a common side MB and equal altitudes drawn to 
that side. If M’ is an arbitrary point of /’, then, inverting the argu- 
ments of case (a), we can prove that triangles AMB and CMB have 
the same area. 

Hence, the straight lines / and /’ are the desired locus.* 

In the sequel we shall need two important loci in space (see Sec. 3.8). 

The locus of points in space equidistant from the faces of a dihedral 
angle constitutes a plane that divides the dihedral angle into two equal 
dihedral angles (the reader can see the validity of this at once). This 
plane is called the bisecting plane of the dihedral angle (by analogy 
with the bisector of a plane angle). : 

Furthermore, it is easy to verify that the locus of points in space 
equidistant from two given points A and B constitutes a plane perpendi- 
cular to the line segment AB and passing through the midpoint of the 
segment. 

a traditional type of problem is the plane-geometry construction 
problem involving the construction of a certain geometric configura- 
tion by means of two Euclidean tools: compass and straightedge. The 
main thing here is not a precise drawing neatly executed but the des- 
cription of the algorithm, the sequence of operations necessary to 
perform the construction. 

A knowledge of general methods of solving such problems (the 
method of symmetry, the method of similarity, etc.) is not provided 
for by the school curriculum and the student is called upon to solve 
only those construction problems that reduce directly to the basic tech- 
niques of construction taught in school. 

In solving construction problems it is first necessary to perform an 
analysis, to find the idea that enables one to go forward with the con- 
struction. In the analysis, on the assumption that the problem has been 
solved, a drawing is made of the desired configuration and we attempt 
to find the relationships between the given data of the problem and 
the desired data that would permit employing the basic techniques 
of construction. 

After the plan of the solution has been found, the student has to give 
a detailed description of the sequence of operations in the construction 
of the required configuration. It is then necessary to prove that the 


* However, a few words are in order concerning point B. If for M we choose the 
point B itself, then both triangles AMB and CMB degenerate into line segments, - 
and on this basis we can eliminate B from the required locus. However, if we agree to 
consider such a degenerate triangle as having area zero, then, formally speaking, 
point B will possess the property required in the statement of the problem: both tri- 


angles AMB and CMB have the same area, equal to zero, when points M and B 
merge. : 
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problem. It is finally necessary to investigate the pro 
is always possible, how many 


rements of the 


constructed configuration do 
blem, that is, 


to find out whether the construction 1 
solutions the problem has, etc. 

2. On one side of a given acute angle lay off a line segment BC. On 
the other side of the angle construct a point from. which BC is seen al the 
maximum angle. 

Let us begin with an analysis of the problem. Let the, given line 
BC lie on side MO of angle MOP, and let point A lying on side OP 
be the desired point (Fig. 78). This means that for any other point D 
lying on ray OP the following condition holds true: 2 BAC >Z BDC, 
To solve this problem we need to find a way of comparing the angles, 


M 


Fig. 78 


A good way to compare angles is given by the theorems on the me 
ure of angles whose vertices lie on a circle: within it, and wi- 
ak ue If through points A, B and C we draw a circle, then 2 BAC 

a e measured by half the arc it intercepts, while for any other 
potnalt rae eae peerage Sa the angle BDC will be measured 

ence of the arcs i i i 
BoC wil be es fae ale ales by it, that is, the angle 
is now obvious that to solve the problem we have to draw a circle 
pe ene Band C so that it is tangent to side OP of the ee 
era en the point of tangency will be the desired point because 
< a pe of the ray OP will lie outside the constructed circle. 
P nas er to make the construction, it is not at all necessary to build 
. tee pe through B and C and tangent to OP; it is sufficient 
eae mea A of tangency. To do this, we find the distance from 
po o the vertex O of the angle MOP, using the familiar pro- 
pea a tangent line and a secant line: OA?=OC- OB. : 
door *° in order to complete the construction we have to find the 
po oT thi rae of two known line segments OB and OC, and then 
Fe Ee Cent te pin we dese 
: segment is the point we desire. 
ee at ne all the arguments in reverse Ste we car Tee 
ae point thus constructed will be the desired one. An investiga- 
ows that the problem is always solvable and has a unique so- 


lution. 
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3. Given a point M inside an angle A. Draw through M a straight 
line 1 so that it cuts from the given angle a triangle of minimum area. 
Start with an analysis. For the sake of definiteness, we assume that 
the angle A is acute. 
Let PN and RS be two lines passing through M (Fig. 79); Compare 
the areas of the triangles APN and ARS. Construct points P, and R, 
so that P,\M=PM and R,M=RM; then, passing from the triangle 


Fig. 79 


APN to the triangle ARS, we reduce the area since the discarded 
area of the triangle MNS is greater than the additional area of triangle 
PRM equal to triangle P,R,M. It is obvious that a reduction can only 
be executed if point M divides the line segment PN (between the sides 
of the angle) of line / into unequal parts. 
* And so through point M we have to draw a straight line Z so that 
the equation NM = MP holds; only in that case will the area of 
the triangle ANP be a minimum. But then it is obvious that AM is 
the median of triangle ANP. 

Taking this triangle and building it up to a parallelogram, we at 
once have a method of construction (Fig. 80). Prolong AM beyond M 


Fig. 80 


and on it lay off MB = AM. Through point B draw a straight line 
parallel to one of the sides of the given angle, say AC, to intersection 
with side AD at P. The sought-for line / passes through P and M. 

The proof consists essentially in repeating the steps taken in the 
analysis. Let /’ be an arbitrary line passing through point M. Since 
AMPP' =/\MNR (by the second criterion for the equality of 
triangles), the triangle APN is equivalent to the quadrangle AP’ RN, 
whose area is less than the area of the triangle AP'N'. 

For the case when angle A is obtuse, the construction is analogous 
and is left to the reader. The investigation of the problem is simple, 
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The problem is always uniquely solvable if angle A is less than a 


straight angle. : 
For additional remarks concerning the solution of construction 


problems see Sec. 3.3. 


Exercises 


1. Find the locus of points in the plane: (a) the difference in the distances of 
which to two given intersecting straight lines L and Lof the plane is equal (in absolute 
value) to a given quantity a> 0; (b) the sum of the squares of the ‘distances of 
which to two given points A and B of the plane is equal to a given quantity a. 

2. Given two fixed points A and B on a straight line. Two circles touch this 
line at points A and B respectively, and are tangent to each other at point M. Find 
the locus of points M. . 

3. Given in the plane three straight lines that intersect in pairs and do not pass 
through one point. Find the focus of the centres of the circles circumscribed about 
all possible triangles with vertices on these lines. . 

4. In a plane, find the locus of the feet of perpendiculars dropped from a given 
point A to straight lines passing through another given point B. 

5. Find the locus of the midpoints of chords of a given circle passing through 
a given point A within the circle. ; 

6. Find the locus of points in the plane such that the tangents drawn from these 
points to a given circle form an angle a. ; 

7. Find the locus of the midpoints of line segments joining a given point A 
outside a given circle to points of the circle. : 

8. Ina plane, given two fixed distinct points A and B. Find the locus of points 
M of the plane for which AM- BM-cos(Z AMB)=3/4 AB?. 

9. Find the locus of points in space equidistant from three given points A, B, C 
(a) not lying on one straight line, (b) lying on one straight line. 

10. Find the locus of points in space which lie at a given distance a from two gi- 
ven intersecting planes IT and x. , 

11. Find the locus of points in space which are equidistant from three planes 
intersecting in pairs and not passing through the same straight line. and perpendicu- 
lar to a plane x. 

12. Find the locus of the feet of perpendiculars dropped from a given point A to 
all possible straight lines drawn in space through a fixed point B. 

13. Find the locus of projections of a given point A on all possible planes passing 
through the given straight line J that does not contain A. 

14. Find the locus of the midpoints of line segments AB where the points A and 
B lie on different faces of a given acute dihedral angle. 

15. Find the locus of points in space through which it is impossible to draw a 
straight line intersecting the given skew lines L and /. 

16. In the plane a lies a square with side a. Find the locus of points in space 
which lie at a given distance / from the vertices of the square. 

17. Given a plane x and points A and B located to one side of it so that the 
straight line AB is not parallel to the plane x. Consider all possible spheres passing 
through the points A and B and tangent to the plane x. Find the locus of the points 
of tangency. 

18. Given a cube with side a. Find the locus of the midpoints of line segments 
of given length /, one of the endpoints of which lies on the diagonal of the upper 
base of tHe cube, the other on a diagonal of the lower base not parallel to the 
first diagonal (or on prolongations of these diagonals). 

19. Construct the line segment V/ a@--b! knowing the line segments a and 6. 

20. Construct a triangle, given side a, median:m of the other side, and radius R 


of a circumscribed circle. 


20" 
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21. Construct a circle tangent to a given straight line i and passing through two 
given points A and B which lie to one side of the straight line. : ; 

22. Construct a circle tangent to a given circle and a given straight line / at a 
fixed point A. ; 

23. Given a circle with diameter AB. Construct on the diameter AB a point c 
such that the sum of the areas of the circles constructed on the line segments 
AC and BC as diameters is 2/3 of the area of the given circle. oo 

24. Given a triangle ABC. Construct a. rectangle ABDE one side of which is 
equal to side AB of the triangle, and the area together with the area of the square 
constructed on side BD is equal to the area of the given triangle. 

25. Given a pyramid the base of which is a square; the altitude of the pyramig 
is equal to a side of the base. It is required to construct a trihedral prism whose alti. 
tude is equal to a given line segment A. The base of the prism is an isosceles right 
triangle. The volume of the prism is equal to the volume of the given pyramid. Des. 
cribe a method for constructing the base of the prism using compass and straightedge, 
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A rather widespread view among students is that there are alge. 
braic, geometric and trigonometric problems whose methods of so- 
lution are in no way related. That explains why geometric problems 
are so often tackled by purely geometric means. 

This is a completely erroneous view that tends to separate the vari- 
ous branches of elementary mathematics, whereas many problems are 
best solved by invoking the whole range of knowledge from different 
divisions of elementary mathematics.* The employmerit of trigono- 
metric or algebraic methods and facts in the solution of geometric 
problems is sometimes inevitable for the simple reason that no purely 
geometric approaches to the solution are possible. 

In such problems, geometry, trigonometry and algebra must appe- 
ar as a single whole, and successful solutions are only possible if the 
student combines facts from the diverse divisions of geometry, tri- 
gonometry and algebra, in other words, if he has a firm knowledge of 
the entire school course of mathematics. 

How useful the employment of trigonometry is to the solution of 
so-called “computational problems” in geometry is familiar to all. 
Many problems would be beyond our scope if we did not invoke 
trigonometric relations between the sides and angles of different 
figures. 

However, the use of trigonometry in solving geometric problems 
is not confined only to solving triangles and simplifying the resulting 
formulas. Its possibilities are much broader. For one thing, a very 
useful idea is to find an angle from trigonometric relations. Unfor- 
tunately, this method of solving geometric problems is not generally 
known. We will therefore illustrate it in the following two problems. 


* See Problem 19 of Sec. 1.8 where geometric ideas were employed in the solu- 
tion of an algebraic problem. 
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1. A point M is taken inside an acute angle a. The feet P and Q of 
perpendiculars dropped from M on the sides of the angle are separated 
from the vertex O of the angle by OP=p and OQ=9q. Find the angles 
into which OM divides the angle a. 

Let us denote the (unknown) distance OM by x, the acute angles 
POM and QOM into which OM divides angle « by 9, and @z, respecti- 


Fig. 81 


vely (Fig. 81). The magnitude of angle @, may be expressed in terms 
of p and x from the right triangle MPO: 


COS , = £ , OF P, = arccos a 


But then, from the right triangle MQO we get (noting that Q2=A—) 
4=cos (P,== COS (A— P,) = COS a COS (arccos B) +sin a sin (arccos 2) 


Computing the resulting expressions (see Sec. 2.5), we find 
q=?P cosa-- sina V x?—p? 


From this equation we could determine x and then from the right 
triangles MPO and MQO find cos @, and cos 92. A. simpler approach 
is this, Note that /x?— p*=MP (from the right triangle MPO) f 
and so 


And we finally get 


—p cosa 


(, = arctan 4 ry ee Q, =a—," 


‘ 


2. The lateral edge of a regular triangular pyramid ‘is equal to b and 
the angle between the lateral faces is p. Find the side of the base. 


*. The reader can perform some obvious manipulations and see for himself that 


—gcosa 
= arctan BAe, Retrial . 
q sing \ 
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Let the pyramid SABC be regular: AS = BS = CS = 6 (Fig. 82). 
Drop from points B and C the altitudes BD, and CD, of the triangles 
ASB and ASC. We will show that the feet of these altitudes are one 
and the same point D,=D,=D. Indeed, ASBD, = /\SCD, and so 
the distance from'vertex S to the feet of the altitudes dropped on side 
AS will be the same in each of these triangles. 


Fig, 82 


From this it follows that BDC is the plane angle of the dihedral 
angle between the lateral faces, or 7 BDC=9q. 

Draw the slant height SP of the pyramid and the altitude DH of 
the isosceles triangle BDC. We then obviously have AB=2A P=2b x 
x cos(Z DAP) and it is sufficient for us to determine the angle DAP. 
Since this is an acute angle (being the base angle of a lateral face of 
a regular triangular pyramid), we can write from the triangle BAD that 


. BD 
Z, DAP =arcsin AB 

From triangle BDH we get 
BH AB 


sin (@/2) ~ Fsin (p/2) 
Hence 


AB = 2bcos [aresin (camem) | 


Simplifying this expression (see Sec. 2.5), we find 


be V 1 


In connection with the result (1), note that usually in a geometric 
problem an attempt is made to reduce the answer to a form convenient 
for taking logs. The right member of (1) can readily be represented in 
the form 


AB = sm V sin (¢ +5) sin ($F) (2) 
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Such representation is not obligatory however. 

Incidentally, this tradition of reducing to a form convenient for 
taking logarithms does not always by far result in the simplest form 
of the answer. Despite the widely held view that this form is the most 
convenient for computing concrete values of quantities indicated in 
the statement of a problem, it is not so in many cases. It is easy to see 
that for such computations the answer may be obtained faster and 
more simply by using formula (1) instead of (2). 

When solving problems of this kind, many students do not only car- 
ry out the necessary manipulations and justify them, but also attempt 
to make a detailed study of the resulting formula, which as a rule 
consists in finding the domain of the variable. 

This study goes somewhat as follows. It is clear that (1) is meaning- 
ful only if 


1: : 
1— arm > ° oa 


Since the angle @ between the lateral faces (due to obvious geometric 
considerations) must lie in the interval from 0° to 180°, so Wx<Q/B< 
< 90°, and then sin (~/2)> 0. Therefore, inequality (3) may be re- 
written as sin (@/2)>>1/2, whence (1) is meaningful for 60°<p< 180°. 

It is readily seen that this condition holds true for any regular tri. 
angular pyramid, since, by the familiar property of a perpendicular 
and inclined lines, BD<BA (Fig. 82). For this reason, if in the plane 
of the base ABC of the pyramid we construct an isosceles triangle 
BD*C with sides BC, BD*=BD, CD*= CD (equal to the triangle 
BDC), then the point D* will be located inside the triangle ABC. 
Whence, after an elementary computation of angles, we conclude that 
Z. BDC = Z BD*C>.Z BAC=60°. 

Consequently, in a regular triangular pyramid, the dihedral angle 
at a lateral edge is always greater than 60°. This in turn means 
that formula (1) is always meaningful for any regular triangular py- 
ramid. 

It should be stressed that such an investigation of the answer is 
not an obligatory element of the solution (if of course this is not expli- 
citly required by the statement of the problem). . 

However, many students go into such investigations and make 
the following logical error: it is taken that the configuration stated 
in the problem exists exactly for those values of the letters for which 
the final formula is meaningful. In actuality, however, an investigati- 
on of the conditions of existence of a geometric configuration is by 
no means equivalent to a simple analysis of the answer. 

This will be clear from the following problem. 

3. In the parallelogram ABCD the larger side AB = a, the smaller 
side BC = 6; the acute angle between the diagonals is equal to a. Find 
the distance between the parallel sides AB and DC 


tees 8 
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Let us form two distinct expressions for the area S of the parallelog. 
ram (Fig. 83). On the one hand, 


S==48, noc =2-OB-OC sina 


where « is the acute angle between the diagonals. To determine the 
product OB-OC we apply the cosine law to the triangle BOC: 


b? = OB? + 0C?—2-0B-0C-cosa 
and the familiar property of a parallelogram 
OB? + 0C? =: + (DB* +. AC*) = (a?-+ b2) 


to get, finally, S=+4(a— b*) tana. 


if 3 
Fig. 83 Lief 
7 a B 


On the other hand, S=AB-DH, where DH ==) is the desired distance 
(the altitude of the parallelogram). Equating the two expressions for 
the area S, we get ; 

a —— 


A= ae tana (4) 

If we decided to seek the domain of this formula, we would see that 
the right member is meaningful, say, for all values of a> 0,0<b<aq 
and 0°<a< 90°. However, does it follow from this that for all such 
values of the letters the geometric configuration mentioned in the 
problem exists? To put it differently, is it possible to construct a 
parallelogram with sides a and 6 and acute angle «@ between the dia- 
gonals for arbitrary values of a>0, O0<b<a and 0< a << 90°? 

If, say, we substitute in formula (4) the values a=3, b=1, a=45°, 
- We get h=4/3. This result can’t but appear rather strange. Consider 
the right triangle AHD (Fig. 83). The hypotenuse AD = 1 must then 
be shorter than the side DH==4/3. This can only mean one thing: 
that a parallelogram with the given values of a, b, @ cannot exist. 

This is also evident directly. Since the area of a parallelogram with 
sides, a and 6 does not exceed the area ofa rectangle with the same 


lengths of the sides, the inequality + (a— 6%) tan <ab must 
_ hold true. It can be rewritten thus: ' 
0<a<arctan-——@ - (5) 


q?— f2 
In other words, the quantities a, b, % cannot be specified in a totally 
arbitrary manner, irrespective of one another, They must satisfy 
inequality (5), 
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To summarize, then, cases are possible where a geometric configu- 
ration of the problem does not exist for all values of the letters in 
the domain of the answer. For this reason, the investigation of a ge- 


: ometric problem (which amounts to determining the conditions under 


which the configuration exists) is a much more complicated underta- 
king and is not required of the student. The only thing required in 
all geometric problems is fo carry through the solution on the assumption 
that -the geometric configuration given in the problem exists (unless of 
course such an investigation is explicitly required). 

In the solution of geometric problems, one occasionally encounters 
relations of unusual form that result from the application of familiar 
trigonometric formulas. These exotic formulas cause much difficulty 
since the student is ordinarily unable to interpret them properly. 
Yet this is very important because such formulas often “think” for _ 
us and take into account cases that we have not indicated in. the draw- 
ing or conditions that have eluded us. 

Here is a problem where the formulas automatically make allo- 
wance for a condition which, it would seem, was not intended to be 
utilized explicitly and which many students did not even notice at 
the examination. 

4. A circle of radius r is inscribed in an acute-angle triangle ABC 
with angles « and B at the vertices A and B respectively. A tangent drawn 
to the circle parallel to BC cuts the sides AB and AC of the triangle 
at the points K and M respectively. Find the area of the trapezoid 
BCMK. 

By the formula for the area of a trapezoid, we have to find the bases 
BC and MK of the trapezoid and its altitude (Fig. 84). It is quite 
evident that the altitude of the trapezoid is equal to the diameter 
2r of the inscribed circle. 


Fig. 84 


The first step in the solution is to find the base BC of the trapezoid, 
which base is a side of the given triangle. If we drop a perpendicular 
OD from the centre O of the inscribed circle (the point of intersection 
of the bisectors CO and BO) on the side BC, then OD. = r. From the 
right triangles BOD and COD we then obtain 

m—a—B a-+-fp 


B = 2 
BD=rcot-, CD=rcot-—z-— =r tan 5 
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respectively, and, hence, 


BC =r (cot cae tan af *) (6) 


The second step in the solution is to find the base MK .of the tra- 
pezoid. Drop perpendiculars MM, and KK, from points M and K 
on the side BC. Then clearly MM,=KK, ==2r. Since 


MK =: M,K, = BC —BK,—CM, (7) 


it suffices to find BK, and CM,. This can be done from the right  tri- 
angles BKK, and CMM,, respectively: 


BK, = 2r cot , CM, = 2r cot (n—a—B) = — 2r cot (w-++B) (8) 


What is the geometric significance of this minus sign that has sud- 
denly appeared in (8)? Quite naturally, it does not indicate any “ne- 
gative” length. What is more, it is precisely this minus sign (which 
appeared by itself) that ensures us that the length of CM, is positive. 
The crux of the matter is that the triangle ABC is given as an acute- 
angle triangle and therefore a+$ > 1/2, or cot («2+f) <0. Thus, 
the formula takes into account the assumption concerning triangle 
ABC which was given in the statement of the problem and which 
we as forgotten about, had not stipulated and had not utilized ex- 
plicitly. 

How did this minus sign get here after all? How was this fact that 
the triangle is an acute triangle taken into account? To find out let 
us carefully go over all the arguments and manipulations. Quite na- 
turally, when we started out we made the triangle ABC an acute tri- 
angle as indicated in the statement of the problem (Fig. 84). But did 
we make use of this fact later on? It is quite clear that we implicitly 
made use of it when we dropped the perpendicular MM, and conside- 
red it as obvious that the point M, lies on BC, for only then is (7) 
true. If the angle ACB were obtuse, the foot M, of the perpendicular 
would lie on the extension of BC beyond C and formula (7) would 
look like this: MK=M,K,=BC — BK,+ CM, (this is easy to see 
if an appropriate drawing is made). 

Thus, there is nothing unusual in the appearance of the minus sign 
in the formulaforCM,. Simply the formula explicitly indicates what 
we took for granted in the drawing and did not even bother to stipulate 
or justify. 

To complete the solution all we need to do is carry out the manipu- 
lations. Substituting expressions (6) and (8) into (7), we determine 
. the base MK of the trapezoid and then find the area S of the trapezoid 
BCMK from the familiar formula 


4 oxts ! I ; 
S=2 |ogtaernl] | @) 
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It is well to bear in mind that the answer to a geometric problem 
‘can appear in a variety of very unlike forms, depending on the idea 
on which the solution is based or merely on the chosen .sequence of 
manipulations. 

For instance, if we seek the base MK in a different way, the answer 
will have a form unlike (9). Indeed, A ABC is similar to A AKM 
(Fig. 84), and so BC: MK=H : h, where H and h are the altitudes 
of triangles ABC and AKM, respectively, dropped from the common 
vertex A. Since h=H — 2r, from this proportion we get MK = BC — 


— (2r-BC/H). Since the area of the triangle ABC is equal to HX 


x BC=pr, where p is the semiperimeter [see formula (4) of Sec. 3.1], 
then H ==2pr/BC and we only have p to determine. Drawing the 
bisector AO and the perpendiculars OE and OF to the sides of the tri- 
angle ABC, we find from the right triangle AOE that AE=r cot («/2), 
and so (by the property of tangents to a circle) 


p= (AB+BC+CA)=AE+BD+ DC 


Thus, we determine the base MK of the trapezoid and then its area: 


cot > 
se; cot £4 tan 2+8 | - eee ere 10 
( ¢ 5 ) ee Scot tan oth va 


It is not essential of course in what form the answer is given, although 
it is preferable to have it in the simplest form possible. All these 
forms of the answer can be transformed into one another, which is 
proof that they are equivalent and that no mistakes have been made 
[the reader will easily see how formula (10) can be transformed to 
formula (9)]. For this reason, do not hurry to discard as incorrect an 
answer which differs from that given in the book. 


In the next problem, the formula warns us that in different pyra- | 
mids the centre of a circumscribed sphere can lie inside or outside the ~ 


pyramid, or in the plane of a face. This fact (see Sec. 3.8). is familiar 
to many students, but some forget about it and fail to consider all 
possible configurations in the general case. 

5. The base of a pyramid is a rectangle with angle a between the dia- 
gonals, and all lateral edges form the same angle » with the plane of the 
base. Determine the distance from the centre of a circumscribed sphere 
to the plane of the base and the volume of the pyramid if R is the ra- 
dius of the sphere. 

Let the given pyramid be SABCD (Fig. 85) with rectangular base. 
Draw the altitude SH. Then, by hypothesis, we have2 HAS = 
= HBS = /HCS =Z. HDS =@ and therefore (because A ASH = 
= /\BSH=...) all the lateral edges are. equal and H is the 
point of intersection of the diagonals of the rectangle. Since the centre 
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O of the circumsphere must be equidistant from.all vertices, it lies 
on the perpendicular to the plane ABCD erected in the centre of the 
rectangle, that is, on the altitude SH. 

Consider the triangles CHS and COS. Since Z CSH=90°— ® and 
A COS is an isosceles triangle, then, by the property of an exterior 


Fig. 85 


angle, we have 2 COH=180°— 29. Solving triangle COH, we find 
the distance from the centre O to the plane of the base: 


‘OH = R cos (180° — 2) = — R cos 2 (11) 


The: minus sign here should interest us. What does it stand for> 
The point is that having made the drawing in Fig. 85 we thus actually 
worked from the supposition that the centre of the circumscribed sphe- 
re lies inside the pyramid and we conducted the solution on that imp- 
licit assumption, which is not explicitly stated in the problem. But 
the centre of the circumscribed sphere need not necessarily lie inside 
the pyramid, and the formula is clear evidence that this is so. 

The centre of a circumscribed sphere lies inside the pyramid if the 
altitude of the pyramid is greater than one half the diagonal of the 
rectangle (then there will be a point O on SH that is equidistant from 
C and from S), that is, if @>> 45°. But in this case, cos 2p <<0 and, 


Fig. 86 - 


consequently [see (11)], OH >0. If the centre of the circumscribed 
sphere lies on the base of the pyramid, coinciding with point H, then the 
altitude of the pyramid is equal to one half the. diagonal of the recta- 
ngle, and p=45°, and soOH =0. Finally, if the centre of thecircumscri- . 
bed sphere lies outside the pyramid (Fig. 86), then ~ < 45° and we 
cannot use formula (11) to seek OH, In this case, obvious reasoning 


3.3 Using trigonometry and algebra in geometry 317 


suggests that 2 COH=2g and so the distance from point O to the 
plane of the base OH=R cos 2g (a positive quantity).* 

Let us now compute the volume. From the triangle COH we find 
HC=R sin (180°— 2)=R sin 2p, an equation that holds true both 
for Fig. 85 and Fig. 86. Therefore the area of the base is 


Sanco = 4S, pc = 2R? sin’ 29 sina 


The angle a may be either acute or obtuse. We consider three cases 
in computing the altitude of the pyramid. If p > 45°, that is, if the 
centre O lies inside the pyramid (Fig. 85), then 


SH =SO+0H = R—R cos 29 = 2R sin’ p 


iy < 45°, that is if the centre O lies outside the pyramid (Fig. 86), 
en 
SH = SO—OH = R—R cos 29=2R sin’ 


And if p=45°, then SH=SO=R=8R sin? 45°. 
thes for all valties of the angle @, 0°< p< 90°, we get the same 
result: 


V= * R> sin? 2g sin? @ sina 


Very important in the solution of geometric problems are algebraic 
methods. Algebra, often linked up with trigonometry, enables the 
student to topple many a complicated problem. 

The gist of the algebraic approach to geometric problems consists 
in setting up an equation for some quantity on the basis of geometric 
reasoning, and then in solving it or in investigating it by algebraic 
means. There of course remains the question of the geometric inter- 
pretation of the algebraic result. 

Broad opportunities for using algebra in geometry are provided by 
the metric relations which obtain in the triangle and the circle, by 
Ne formulas for solving right triangles, the laws of sine and cosine, 
etc. 


often require rather cumbersome computations. One should therefore 
get used to involved manipulations and awkward-looking answers. 
As a rule, the computations required in such problems have simple 
underlying ideas and are quite accessible to any student who has a 
firm grasp of the basic formulas of trigonometry and algebra, is fa- 
cile with the techniques of algebraic and trigonometric transformati- 
ons, and has trained himself in a careful execution of manipulations 
and works in a neat fashion generally, 


* It is not hard to see that the distance from the centre O of the circumscribed 
sphere to the plane of the base ABCD of the pyramid at hand is equal to R- [cos 29|, 
irrespective of the location of the centre 0. 


Note that problems amenable to solution by algebraic methods 


318 Ch. 3 Geometry 


6. The angle A in the triangle ABC is equal to a, the opposite Side t 
equal to a. Find the other two sides if we know that side a is the Beomesri: 
mean of the radii of the inscribed and circumscribed circles of the trian ; ie 

Let us reduce the solution of this problem to an algebraic system. 
To do this, set up the necessary number of independent equations. 
Denote by 6 and c the lengths of the sides of the triangle ABC which 
lie opposite to angles B and C respectively. These quantities 6 and 
are our unknowns. e 

The first equation is provided by the cosine law: 


&-+c?—2be cosa =a? (12) 


To obtain the second equation we take advantage of the relation 
(given in the statement of the problem) a=VRr, where R ree 
are the radii of the circumscribed and inscribed circles, respective] 
Recalling the familiar expressions for these radii [formulas (3) eee 
(4) of Sec. 3.1] and for the area of a triangle, we can write down tha 
chain of equations 


ee een Ey 
OR Tape Osa =GpbLosma’ 7 ocsin A ~TeTETS 
whence we find the second equation: 
bc— 2a (b+ c) = 2a? (13) 


We thus have a system of two equations (12) and (13) in two un- 
knowns 6 and c. Our task now is purely algebraic— to solve the system. 
Rewriting (12) as (6 + c)*— 2Qbe (1-+cos a)=a? and substituting 
the expression for bc from (13), we get a quadratic equation in 6 +. a 
(b-+-c)?—8a cos? 5 + (b+ c)— (8a? cos? $+a*) =0 (14) 

whence 
b+e=a(1+8 cos? $) (15) 


(we discard the second—negative—root of (14) since it has no geometric 
meaning). From (13) we now determine 


f 
» b¢= 4a? (1 +4 cos? +) (16) 


From the relations (15), (16), it is clear that 6 and c are the roots 
of the quadratic equation 


2—a (1 +8 cos? $) z+ 4a? (1 +4 cos? 5) =0 
Solving this equation, we get 


4,2= 5 [5+4 cosa + V 16 cos*a + 8 cos — 23] (17) 
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Now for 6 we can, say, take the plus sign and for c the minus sign, 
any other combination of signs yields virtually the same triangle but 
with the sides designated differently. 

The solution is complete, the required lengths 6 and c of the sides 
of the triangle have been found. Although the problem does not re- 
quire any supplementary investigation, some students at examinations 
determined the conditions under which formulas (17) are geometri- 
cally meaningful. 

It is obvious that these formulas have geometric meaning only when 
the radicand is a nonnegative number and, besides, 2, > 0, 2z,>>0. But 
the quadratic 16x?-+- 8x— 23 (its roots are easy to find) is nonnegative 
when x < (—1 —V24)/4 and when x > (V 24—1)/4. Now, when the 
students at the examination formulated the condition for the angle a, 


they made a diversity of mistakes which indicated their inability to | 


handle trigonometric’ inequalities. Actually, the radicand in (17) is 
nonnegative if 7 
V %4—! (18) 
4 


0<a<arccos 


(Let us not forget that @ is an angle of the triangle and for this reason 
we are only interested in the valuesO <a< 1.) Furthermore, it is 
easy to see that for the values of a indicated in (18) both roots of (17) 
are positive, that is, are geometrically meaningful.* 

7. Given two concentric circles of radii r and R(R>r). Find the 


side of a square two verticies of which lie on the circle of radius rand the 


other two on the circle of radius R. For what relationship between r and 
R: (a) is the solution possible, (b) is there only one solution? 

First notice that the geometric configuration stated in the condition 
of the problem does not exist for arbitrary radii of the given circles. 
Indeed, if R is “very much greater” than r, then it is easy to see that 
no square can exist two vertices of which lie on one circle and the 
other two vertices on the other circle. It is furthermore clear that for 
certain values of R and r there can be two squares** thus located 


(Fig. 87). Finally, there is no guarantee that there may not even be 


more than two such squares. 

The above reasoning shows that one should not begin a solution 
with a drawing. Firstly, having made a drawing we thus at once con- 
fine ourselves to the case when the configuration exists and can say 
nothing about when it is impossible. Secondly, we already know that 
the configuration, is, generally speaking, not unique and we must 


* It is to be stressed (cf. Problems 2 and 3) that we only determined those con- 
ditions under which formulas (17) may be meaningful geometrically; the question 
remains open as to whether for all values of @ that satisfy condition (18) the geo- 
metric configuration under consideration does indeed exist. 

** We mean that there exist two squares with distinct sides. There is no sense in 
distinguishing between squares which satisfy the condition of the problem but have 
sides of the same length, 
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therefore draw all possible cases; however, we don 
how many such cases there are. ; 

We shall therefore choose a different approach which does not make 
use of any specific drawing of the configuration but reduces to geomet- 
. ric constructions. It is quite obvious that if a square satisfying the 

condition of the problem exists, then one of its sides lies on the chord 
of the greater circle intersecting the smaller circle (for instance, such 


ot yet know exactly 


Fig. 87 Fig. 88 


a chord is the prolongation of a side of the Square, one end of which 
lies on the larger circle, the other on the smaller one). Conversely, if 
we prove that the side of the desired square cannot lie on any chord 
of the larger circle that intersects the smaller circle, then this will 
mean that (for given R and r) the sought-for configuration is impos- 
sible. 

We must therefore obtain necessary and sufficient conditions such 
that one of the sides of the square satisfying the condition of the prob- 
lem will lie on a certain chord of the larger circle intersecting the smal- 
ler circle. Let BC (Fig. 88) be an arbitrary chord of the larger circle 
which intersects the smaller circle at some point A. This chord is 
uniquely determined by the length h of the perpendicular OP dropped 
on it from the centre O of the circles, 

Denote the length of AC by x, that of AB by y. It is apparent that 
a side of the square of interest can lie on chord BC if and only if either 
x=2h or y=2h. Consequently, if (for given R and r) there is at least 
one value of h which satisfies either the condition x=2h or y = 2h, then 
the required configuration is possible. But if there is no such value 
ofh, then (for the given R and r) the problem does not have a solution. 


Since 
x=CP—AP = VR—R-VP_—em, 
y= BP + PA=VR—ht4+/Vr—m 


the necessary and sufficient condition thus obtained for solvability 
of the problem may be stated: the configuration we need occurs for 
(positive) values of A which satisfy at least one of the equations 


VR—-R-VP—h=2, - a9) 
VR—P4+VP—h = 2h 
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and does not occur for a single other value of h. In particular, if nei- 
ther of the equations of (19) has positive roots, then the required con- 
figuration does not exist.* 
“rhe irrational equations (19) are conveniently solved in parallel. 
The domain of the variable (see Sec. 1.9) consists of values of h such 
that h<r (because R> vr). The condition R>r implies that 
VR—h>VPr—h* so that both members of both equations are 
nonnegative. Therefore, when squaring we obtain (after obvious ma- 
nipulations) two equations: 


—2 V (R2—?h) (F7—P) = 4h? —(R®+- 7°) 
2 V (R—F) (FF) ="4h? —(R?-1- r*) 


which, in the domain, are equivalent to the corresponding equations 
(19). Again squaring each of the equations of (20), we obtain in both 
cases (after simple transformations) one and the same equation: 


32h*—8 (R? +7?) h?-+(R2—?r?)? =0 (21) 


Now what we have to do, essentially, is find the roots of this biqu- 
adratic equation and, in accord with the general procedure for sol- 
ving irrational equations,choose those that satisfy the first equation 
of (20)—the roots for which A<r and 4h— (R41) < Q—and 
those that satisfy the second equation of (20)—the roots for which 
h<r and 4?— (R*+r7)>0. 

This very long selection procedure in our specific case need not, 
it turns out, be performed if we note one obvious thing: we are not 
in the least interested in which root of equation (21) is a root of a 
particular equation of (20), because in either case that root leads to 
the required configuration. Therefore no selection procedure needs 
to be carried out and our problem has as many solutions as there are 
positive roots of the biquadratic equation (21) which satisfy the con- 
dition Ar. 

Let us now study and solve the biquadratic equation (21). If the 
discriminant D = 16 (6R%r’— R'—r') <0, then (21) has no real ~ 
roots and the configuration we desire does not exist. 

Let us determine for what relationship between R and r this occurs. 
To do so, we have to establish the relationship between R and r for 
which the inequality 6R’r?—R*—r! <0 is valid. Denoting R*/r? by, 
we reduce this inequality to the form p?—6p-+1 > 0, whence it is 
clear that it occurs when p < 3—2 V2 and when p> 3+2)V 2. Since 
we are only interested in values of p> 1 (because R>r, by hy po- 


(20) 


* Every positive root of the first equation of (19) corresponds to a configuration 
such that the square does not contain within it the centre O, and every positive root 


of mn ao equation of (19) is associated with a square that contains within it the 
centre QO, 


21 ---3480 
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thesis), there remains only p > 3+-2 V2=(14+/ 2). Thus, if R> (1+ 
4-V9) r, then the geometric configuration envisioned by the problem 
is impossible and the problem does not have a solution. 

In analogous fashion it is established that the inequality D >0 
holds true when r< R < (1+) 3) r, and the equation D = 0 oc- 
curs when R == (1+) Q) r, Denoting A? by 2 and thus reducing the 
equation (21) to a quadratic equation in z, we get 


Rg oe tee (22) 


Now from the Viéte theorem it follows that both these roots are po- 
sitive (for D = 0 the roots coincide). 

Before computing the roots of (21) themselves, let us check to see 
if they lie in the domain of the original equations (19). To do this, 
we determine whether the inequalities 2< r?, z,< r? hold; since 
0<2< 4, it suffices to verify the inequality z,< r*, that is, 


Rea pe V 6R272— Ri—ya 
eee a Aad Se eel) See fin 
8 


or | a 


V6RP?— RIF < Trt Rt (23) 

Since D > 0 in the case at hand; that is, R < (1+ V2)r, then 
7 — R*> 7P°— (1+V 2)? > 0, and so, squaring inequality (23), 
we get (after a few simple manipulations) the equivalent inequality 
2 (5r>— R?)?>0, which clearly holds. Thus, the roots of the biquad- 
ratic equation (21) (for D > 0) lie in the domain of the equations (19). 
Now we recall that we are only interested in the positive roots 


of (21) and from (22) we find that forr<R<(i+V2)r the problem 
has two solutions corresponding to the values : 


ae / (REP) EV 6R2r?— Riya 
NL a ae 
8 


1, 2° 


and for R=(14V9)r if has a unique solution that corresponds to the 
value ; 


Then, in the case of two solutions, the sides of the squares are equal 


to 2h, and 2h, and, in the case of the unique solution, the sideof the 
square is equal to 2h.* 


* Note that the approach we discarded of a separate solution to each of the irra- 
tional equations of (19) would have led to a geometrically more interesting result. 


Namely, when r<R<rYV5, both existing Squares fail to contain the centre 0; 
for rVi<R< r(I+ V2), one of the Squares contains the centre and the other does 


not; for R=rV5, one of the squares does not contain the centre, while the side of 
the other square passes right through this centre. 
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Algebra and trigonometry are widely used in the solution of ge- 
ometric problems involving maxima and minima. In such problems, 
one ordinarily considers a solid (or figure) and seeks to find the dimen- 
sions so that some quantity associated with the solid-assumes a maxi- 
mum (or minimum) value. For an algebraic solution to such a problem, 
the procedure is, as a rule, to write down the function relating the qu- 
antity of interest to the dimensions of the solid and then to investigate 
the function. A geometric problem is thus reduced to an algebraic one, 
an investigation of the properties of functions. 


AY 


Fig. 89 


8. The radius of the base of a right circular cone is R, its altitude is 
equal to H. Which cylinder inscribed in this cone has the largest lateral 
surface area? 


Let a cylinder with base radius r and altitude h be inscribed in the ~ 


cone (see Sec. 3.8), From the similarity of the triangles AOS and BO,S 
(Fig. 89) it follows that r=R (H — h)/H. The lateral surface area of 
the cylinder s=2nrh; or 


This is the function connecting the quantity s, which we are interested 
in, with the altitude of the cylinder h, which we have at our disposal. 
From geometric considerations, the independent variable A varies. 
in the interval O<A<H. . 

We now have to find the maximum of this function on the indicated 
range of the argument h. The function is a polynomial of degree two 
and so we shall proceed as one ordinarily does when seeking the ma- 
ximum (or minimum) of a quadratic trinomial. Namely, isolating the 
perfect square, we rewrite the formula for s in the form 


__ aR 2nR H\2 
air aia (—F) 


From’ this expression we can see that the function s=s (f) assumes a 
maximum value equal to + aRH when h=+ H. Since the value 


h== > H lies in the interval O<A<H, the maximum value of the la- 
Qi 


re 
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teral surface area Smax =F nRH is obtained when the altitude of the 


inscribed cylinder is equal to one half the altitude of. the cone. 

9. Given on a circle of radius R two points A and B separated by a dis- 
tance of 1. What is the maximum value that the sum AC?+- BC? can 
assume if point C also lies on the circle? 


Fig. 90 


Let C be an arbitrary point of the circle on which are given A and B 
(Fig. 90). If we denote angle ACB by a, then by the cosine law we 
have, from the triangle ABC, 


AC? +. BC? = [3 4. 2AC. BC cosa 


Hence, we have to determine the position of C on the circle for which 
the product AC. BC cos a assumes the largest possible value. 

The chord AB divides the circle into two arcs: arc AmB, which 
exceeds the semicircle, and arc AnB, which is smaller than the semi- 
circle.* It is readily seen that for any position of point C on the arc 
AmB (except for the endpoints A and B themselves of the arc) the angle 
a has one and the same value lying between 0° and 90° (because for 
any other point C the angle ACB is an inscribed angle intercepting 
the arc AnB, which is less than the'semicircle), and for any position 
of C on the arc AnB the angle « has one and the same value lying in 
the interval from 90° to 180°. Since the cosine of an obtuse angle is 
negative, we can only be interested in points C on the arc AmB: in 
this case the product AC: BC cos « is positive. 

Since, as we have already noted, the angle a is the same for any point 
C on the arc AmB, we then have to determine the position of C (on 
this arc) so that the product AC- BC is the largest possible one. Using 


formula S=+ AC. BC sin a for the area S of the triangle ABC, we 


can write the equation AC- BC=2S/sin a, whence it is evident that 
_ the product AC. BC takes on the largest value when C on arc AmB 


is such that the triangle ABC has the largest possible area. 


* The reader will have no difficulty in considering the case when AB is the dia- 
meter of the circle, that is, when [=2R. If (> 2R, then the configuration indicated 
in the problem is impossible. : 
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However, by a familiar formula, S=th, where A is the length 


of the perpendicular dropped from C on the chord AB. For this reason, 
of all possible triangles ABC with vertex C on arc AmB the triangle 
in which this perpendicular is longest will have the largest area, and 
this perpendicular is longest when the point C is chosen as the mid- 
point of the arc AmB. 

Thus, the sum AC?+ BC* assumes the maximum value when C 
is located at the midpoint of the largest of the two arcs into which the 


points A and B partition the circle. This maximum value is equal 


to 4R?-+2R V 4R2— F, | 

10. Required: to construct a kite in the form of a right prism having 
as base a right triangle with hypotenuse equal to 50 cm. The lateral sur- 
face area of this prism is equal to 0.96 m®. What should the sides of: the 
base of the triangle be so that the sum of the lengths of all edges of the 
prism is a minimum? 

Denote the legs of the base of the prism by x and y and its lateral 
edge by z. We then set up two relations connecting the dimensions of 


the prism: 


(x +y+0.5)z = 0.96 
We are interested in the smallest value of the sum /=2(x-+y+-0.5)+ 


+-3z of all edges of the prism. 

The quantity / is a function of three variables x, y, 2 which are con- 
nected by the equations of (24). Substituting in place of the sum x-+ 
+y-+0.5 its expression in terms of z obtained from the second equation 
of (24), we can represent / as a function of one variable: 


p12 4.32 (25) 


We determine the minimum of this function. Applying the inequali- 
ty between the arithmetic and the geometric mean (see Sec. 1.8), 
we can state that for arbitrary z > 0 


1,92 102 4 
[at 4 a2>2 V/ 12-32 =48 


In other words, the function (25) has a minimum value of 4.8. It 
attains this minimum value when 1.92/z=32, that is, for z=0.8 (we 
are naturally interested only in positive values of z). 

There is a logical subtlety at this point. We proved that function 
(25), as a function of the variable z, assumes its smallest value 4.8 
when z=0.8. But to be assured that this is the smallest value of the 
geomeiric quantity (the sum of the edges of the prisin) we have to be 
sure that there actually exists a prism which satisfies the. condition 
of the problem and which has a lateral edge z=0.8. 


2 2.0, 
x? + y? == 0,25 (24) 
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In other words, we still have to determine whether system (24) 
has a solution for z=0.8. If it does, then the corresponding prism 
(or prisms, if the system has several solutions) will be the solution to 
the problem. But if system (24) does not have a solution for z=0.8, 
then the sum of the lateral edges cannot be equal to 4.8 and we will 
have to reexamine the situation. 

Substituting z=0.8 into (24), we get 

x? y? = 0,25 
x+y=0.7 
whence x,=0.4, y,=0.3, x,=0,3, y2=0.4. These two solutions geomet- 
rically correspond to one and the same prism.* 

Thus, the sum of the lengths of al! edges of the prism will be least 
if the legs of the triangle of the base are equal to 30 cm and 40 cm. 

Though students make extensive use of trigonometry and algebra 
in solving computational problems in geometry, they rarely invoke 
algebraic and trigonometric methods to prove geometric facts, to find 
loci, or to perform constructions. Yet in all such problems the sig- 
nificance of such methods is hard to overestimate. 

Here is a problem in which the proof of the assertion we want is 
obtained in a purely analytical fashion without any geometrical 
reasoning whatsoever. There are any number of instances when the 
simplest proof is obtained by direct computation, 


Fig. 91 


11. An arbitrary straight line is drawn through the centre of an equi- 
lateral triangle in the plane of the triangle. Prove that the sum of the 
squares of the distances from: the vertices of the triangle to this straight 
line is independent of the choice of the line. 

Suppose the straight line / passes through O, the centre of an equila- 
teral triangle ABC (Fig. 91). Drop perpendiculars onto / from vertices 


* One should not think that the remark concerning the logical subtlety was 
superfluous for the reason that everything was so simple. If the length of the hypote- 
nuse was, say, 40 cm, then the corresponding system 


x74 yt = 0,16 
. x+y 0.7 
would not have had any real solutions. But this does not yet mean that there is no 
tism satisfying the condition of the problem. To solve this more complicated prob- 
em we would have to seek, from among all z such that s stem (24) has a solution, 
the solution associated with the smallest possible value of the function (25). 
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A, B, and C. The feet of these perpendiculars will be denoted M, N 
and P respectively. Join O to the vertices of ABC and denote angle 
BOP by 9. Then 2 AOM=Z AOB—Z BOM = 120° —(180—9) = 
=: p—60° and Z COP = 120°— g. Furthermore, let O0A=OB=0C= 
-=R, then BN=R sin 9, AM=R sin (p—60°), CP=R sin (120°-— p= 
=R sin (p+60°). It is now easy to verify that 


AM? +- BN? + CP* = R? (sin? @ + sin (p—60°) + sin? (p + 60°) 
= R? =a 


where a is a side of the given equilateral triangle. 

In conclusion we give an example of the use of trigonometry and 
algebra in the solution of construction problems. Construction problems 
are often viewed by students as brain teasers. True, when worked by 
geometric tools alone they give rise to considerable difficulties. But 
trigonometry and algebra can substantially simplify the solution of 
such problems. 

12. Construct a right triangle using the hypotenuse c and the bisector 
b of the right angle. 

Suppose that the triangle ABC is the desired one (Fig. 92). Circum- 
scribe about the triangle a circle with diameter equal to c. It is easy 


‘Mt 


Fig. 92 A LEN. 


to demonstrate that the point D of intersection of the extension of 
the bisector CK with the circle is the endpoint of a diameter DM that 
is perpendicular to AB. It is now clear at once that the problem can 
be solved as soon as we find the line segment CD, which is what we 
will do. 

Denoting angle CDM by 9, we can write (from the right triangle 
MDC) that CD=c cos 9, and, from the triangle DKO, that KD= 
=¢/(2 cos ¢) since DM=2 DO=c. Then set up the quadratic equation 


—_ = 
c cos P— Fes 


only one root of which 


+T 2c? 


b4+V6 
8 


Zt 
cos @ = IG 


x. 
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is geometrically meaningful. From this we have 


CD=ccosq=t4 VOLE 


Now the construction is clear. Construct on AB = c (diameter) 
a circle (with centre O) and locate the point D such that DO | AB. 
Then separately construct a = CD. To do this, first construct the line 


segment c V 2 as the geometric mean of the line segments c and 2c.* 
Then construct x = V b?-++ (c //2)? as the hypotenuse of a right triangle 


with legs 6 and c V2. Finally a= 4 + x). Obtain point C as 


the vertex of the right angle of the desired triangle by striking an arc 
equal to a with centre at point D. 


Exercises 


1. Given two sides 6 and c of a triangle and the bisector, of length J, of the angle 
between them. Compute the third side of the triangle. 

2.’'In a cylinder the altitude A is equal to the diameter of the base circle. 
A point of the upper circle is connected with a point of the lower circle. The straight 
line joining these points forms an angle o% with the base plane of the cylinder. 
Determine the shortest distance between this line and the axis of the cylinder. 

3. In a triangle ABC, the tangents of the angles stand in the ratio: tan A : tan B? 
:tanC=1:2:3. Find the ratio of the sines of these angles. 

4, In an equilateral triangle ABC each of the sides is divided ‘into three equal 
parts: side AB by points D and E (so that AD-=DE= EB), side BC by points F and 
G (so that BF=FG=GC), side CA by the points H and J (so that CH=HI=JA). 
L, M, and N denote, respectively, the points of intersection of pairs of lines B/ 
and CD, AF and CE, AG and BH. Find the ratio of the areas of the triangles LMN 
and ABC. 

5. The volume of a regular many-sided pyramid is v and a side of the base 
is equal to a. Determine the angle of inclination of a lateral edge of the pyramid to 
the base. ; 

' 6. Given sides a and 6 of a parallelogram. Determine the ratio of the volumes 
of the solids obtained by rotating the parallelogram about the sides a and 6; Tespe- 
ctively. ; 

7. Given in a triangle the base a and adjoining angles a and a-+90°. Deter- 
mine the volume of the solid generated by rotating this triangle about the altitude 
dropped on side a. 

8. The area of a triangle ABC satisfies the relation S = a?— (b — c)*, where a, 
6 and c are the sides of the triangle opposite the angles A, B and C, respectively. 
Find the angle A. : 

9. Given sides 6 and c of a triangle and angle A between them. The triangle 
rotates on an axis that does not intersect it, passes through vertex A, and forms 
‘equal angles with sides 6 and c. Find the volume of the solid of revolution. 

10. The radius of a sector is equal to R, the radius of the circle inscribed in the 
sector is r, Compute the area of the sector. 


* It is useful to bear in mind that if the line segments aand ka, where & is anu- 
merical coefficient, are given, then to construct x=aVk it is sufficient to construct . 
the geometric mean of the given line segments x= Va-ka~aVR. Incidentally, this 


device enables us to construct line segments of length ¥2, Y°3, V5, Y7 and so on 
ifunit length is given. 


| ng 
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11. Given a triangle whose base is @ and the angle at the vertex is a. A cir- 
_ ele is drawn through the centre of another circle inscribed in the triangle and through 
the endpoints of the base. Find the radius of the first circle. . 

12, The base of a pyramid is a square. Two lateral edges are perpendicular 
to the plane of the base and the other two form with it angles equal to a. Determine 
the dihedral angle between these latter lateral faces. 

13. Inscribed in a right triangle with legs 6 and c¢ is a square having a com- 
mon right angle with the triangle (that is, two sides of the square lie on the legs, 
and one vertex on the hypotenuse). Find the area of the square. 

14. The base angle of an isosceles triangle is a. The altitude dropped to the base 
is greater by m than the radius of an inscribed circle. Determine the base of the 
triangle and the radius of a circumscribed circle. ' 

15. Two chords of a circle of radius R intersect at right angles. The portions of 
one ehord are as 4:5, those of the other as 5:16. Find the lengths of the four 
arcs into which the endpoints of the chords divide the circle. 

16. Inscribed in a circle are an. isosceles triangle and a trapezoid. The lateral 
sides of the triangle are parallel to the nonparalle! sides of the trapezoid. One of 
the bases of the trapézoid is the diameter of the circle. Find the altitude of the tra- 
pezoid if the midline is / and the area of the triangle is S. 

17. Given a circle of radius 7, From an exterior point A are drawn a tangent AP 
and a secant AQ passing through the centre of the circle, AQ=2AP. Find the radius 
of the circle that touches the secant, the tangent line exterior to AP and the radius 
(drawn to point P) of the given circle. 

18. Given a circle of radius R. A chord AB is drawn through point M of the di- 
ameter at an angle @ to the diameter, BM : AM=p : q. Through point B is drawn 
a chord BC perpendicular to the given diameter, and point C is joined to point A. 
Find the area of the triangle ABC. 

19. Given a circle of radius | with centre at point O and a straight line tangent to 
the circle at point E. A point M is taken on the circle. Find the radius of the 
circle that is tangent to the given circle at M and to the given line if the angle 
EOM is equal to g, 0°<p<90° 

20. The distance between two parallel lines is 1. A point A lies between the 
lines at a distance a from one of them. Find the length of a side of an equilateral 
triangle ABC, vertex B of which lies on one of the narallel lines and vertex C on 
the other. 

21. An isosceles trapezoid with base angle 60° is such that it is possible to in- 
scribe in it two circles tangent to each other, each one of which is tangent to 
the bases of the trapezoid and to one of the nonparallel sides. Each nonparallel side 
of the trapezoid is equal to 2. Find the area of the trapezoid. 

22, In a trapezoid with bases a and 6 a straight line parallel to the bases is 
drawn through the point of intersection of the diagonals. Find the portion of this 
line lying between the nonparallel sides of the trapezoid. ‘ . - 

23. Given angles a, B, y of triangle ABC. Let A‘, B’, C’ be points of interse- 
ction of the bisectors of the interior angles of ABC with a circle circumscribed 
about the triangle. Find the ratio of the area of triangle ABC to the area of triangle 
A'B'C'. 

24, Given the altitudes AA'=h, and BB’=Ay of a triangle ABC and the length 
CD==1 of the bisector of angle C. Find angle C. 

25. Inscribed in an isosceles triangle is a square of unit area whose side lies 
on the base of the triangle. Find the area of the triangle if the centroids of the 
triangle and the square are known to coincide. ; 

26. Compute the area of the common portion of two rhombuses: the diagonals 
of the first are 2 and 3, and the second is obtained by turning the first through 90 


about ils centre. 
I side 6 and the base angle a. ‘Compute 


27. Given in an isosceles triangle a latera ; f 
the distance from the centre of the-inscribed circle to the centre of the circumscribed 


circle, 
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28. From point A exterior to a circle of radius r is drawn a secant that does 
not pass through the centre O of the circle. Let B and C be points at which the 


secant cuts the circle. Find the value of tan A Aop | -tan aL AOC | if OA=a. 


29. A square is inscribed in a circular sector bounded by radii OA-and OB with 
central angle a (~< 1/2) so that two adjacent vertices lie on radius OA, the third 
vertex on the radius OB, and the fourth vertex on the arc AB. Find the ratio of the 
areas of the square and the sector. 

30. Two equal spheres are tangent to each other and to the faces of a dihedral 
angle. A third sphere of smaller radius is also tangent to the faces of the dihedral 
angle and to both given spheres. Given the ratio m of the radius of the smaller 
sphere to the radius of one of the equal spheres. Find the dihedral angle. Over 
what interval can m vary? 

31. The base angle of an isosceles triangle ABC is a (a > 45°), the area of which 
is S. Find the area of a triangle whose vertices are the feet of the altitudes of 
the triangle ABC, 

32. In a triangle ABC, 7 A= / B=a, AB=a; AH is the altitude, BE a bise- 
ctor (point H lies on side BC, point E on AC). Point H is joined by a line segment 
to point E. Find the areas of the triangle CHE. 

33. A point M is taken inside an angle AOB; “ MOA=a, Z MOB=8, OM=a 
(a+f <2). Find the radius of a circle passing through M and cutting off, on sides 
OA and OB of the given angle, chords of length 2a. 

34. Given an angle AOB equal to a (a<x). A point C is taken on side OA, a 
point D on side OB, OC=a40, OD=6:40. A circle is constructed tangent to the 
side OA at C and passing through D. Let this circle cut side OB a second time, 
at pelt e Compute the radius r of the circle thus constructed and the length of 
the chor 5 

35. A pedestal in the form of a rectangular parallelepiped is'to be cut out of 
granit. The altitude must be equal to the diagonal of the base, and the area of the 
base must be 4 square metres. For which sides of the base will the total surface 
area of the pedestal be a minimum? 

36. A box is to be built in the form of a rectangular parallelepiped with base 
area 1 cm*. The sum of the lengths of all edges of the parallelepiped must equal 
20 cm. For which box dimensions is the total surface area a maximum? 

37. A hole is cut in a square sheet of plywood with side equal to 10 units 
of length. The hole is in the form of a rectangle whose diagonal is equal to 
5 units of length. The opening is bordered with a fine wire frame. A unit of 
area (that is, the area of a square with side equal to unit length) of the ply- 
wood weighs 2 grams, a unit of length of the wire weighs 7 grams. What must 
the sides of the rectangle be so that the weight of the resulting sheet with the 
bordered opening is a maximum? 

38. In a triangle ABC, a straight line is drawn from vertex A to intersection 
with side BC at point D which lies between B and C; CD : BC=a. (where a< 1/2), 
A point £ is taken on side BC between B and D and through it is drawn a line 
parallel to AC and intersecting AB at F. Find the ratio of areas of the trapezoid 
ACEF and the triangle ADC if we know that CD=DE. 

39. A point D is taken on side AB of a triangle ABC between A and B so 
that AD : AB=a (where a < 1). Take a point E on BC between B and C so that BE : 
: BC=B (where B < 1). Through point E draw a line parallel to AC and intersecting 
side AB at F. Find the ratio of the areas of the triangles BDE and BEF. 

40. Indicate possible types of triangles in which the sides constitute a geometric 
progression and the angles an arithmetic progression. 

41. Will it suffice to buy 4000 pieces of glazed tile of size 10 cm by 10 cm_ to 
face the walls of the above-water portion of a swimming pool having the shape 
of a rhombus of area’ 450 square metres with sides 0.5 metre above the water level? 

42. The base of a quadrangular pyramid is a rectangle. The pyramid has all 


lateral edges equal and altitude 72 cm. A bug is crawling along the edges of 
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the pyramid at a rate of 1 cm/sec. Will 2 seconds be sufficient for it to go down 


. from the vertex of the pyramid along a lateral edge to a vertex of the base if it 


can traverse the perimeter of the base in 8 seconds? 

43. Find the cosine of the base angle @ of an isosceles triangle if it is given 
Met the point of intersection of the altitudes lies on a circle inscribed in the tri- 
angle. 

44, Drawn in a triangle ABC are: bisector AD of angle BAC and bisector CF 
of angle ACB (point D lies on side BC, point F on side AB). Find the ratio of the 
areas of the triangles ABC and AFD if it is given that AB= 21, AC=28, CB = 20, 

45. Inscribed in a circle is an isosceles triangle ABC in which AB=BC and 
Z ABC=a, From vertex A draw a bisector of the angle BAC to intersection 
with side BC at D, and to intersection with the circle at point E. Vertex B 
is joined by a straight line to point E. Find the ratio of the areas of the tri- 
angles ABE and BDE. 

46. In a trapezoid ABCD the angles at the large base a are-equal to @ and 
B and the altitude of the trapezoid is h. Let 0,, 05, Og, O, be centres of circles 
circumscribed, respectively, about triangles ABC, BCD, CDA, DAB. Find the area 
of the rectangle 0,0,030,. 

47. In a right triangle, the ratio of the product of the lengths of the bisectors 
of the interior acute angles to the square of the length of the hypotenuse is equal 
to 1/2, Find the acute angles of the triangle. 

48. From an endpoint of a diameter of a sphere draw a chord so that the 
surface generated by a rotation about this diameter divides the volume of the 
eplicre into two equal parts. Determine the angle between the chord and the dia- 
meter. 

49. In a convex quadrangle ABCD the bisector of the angle ABC intersects side 
AD at point M, and the perpendicular dropped from vertex A to side BC cuts BC 
at point N so that BN==NC and AM=2-MD., Find the sides and the area S of 
quadrangle ABCD if the perimeter is equal to5-+ V3, Z BAD= 90°, Z ABC= 60°, - 

50. The base of a quadrangular pyramid OABCD is a trapezoid ABCD and the 
lateral faces OAD and OBC are perpendicular to the plane of the base. Find the vo- 
lume of the pyramid knowing that AB =3, CD=5, the area of face OAB is equal to 
9 and the area of face OCD is equal to 20. 
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This section of solid geometry is of fundamental significance for 
a thorough mastering of all subsequent material and the development 
of spatial imagery in general. The theorems are in themselves simple 
but require a certain level of logical culture, the ability to reason 
rigorously on the basis of given definitions, and to reduce the proof of 
any theorem to the application solely of the starting axioms and earlier 
proved theorems. This in turn requires a very precise knowledge of the 
initial definitions and theorems. Unfortunately, the attitude of stu- 
dents is often somewhat slipshod, they believe that geometric intuition 
will always help them to get at the proper definition and statement of 
the axioms. As a result, in.the best of cases we hear equivalent formu- 
lations, which lead to unexpected (for the students) complications in 
the formulations and proofs of theorems. 

Crucial to the study of this section is a precise understanding and 
firm memorizing of definitions. The parallelism and perpendicularity 
of lines and planes, the angle between skew lines and the distance 
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between them, the angle between a line and a plane, the angle between 
_ two planes—all these notions must be firmly rooted in the mind of the 
student. 

True, one should not go to extremes. Firstly, one should not learn 
by rote the definitions without grasping their geometric meaning or 
visualizing an associated geometric configuration. Secondly, (this is 
typical and therefore more dangerous) the student must not confine 
himself to geometric imagery alone and dismiss precise definitions. 

To illustrate, every one can visualize parallel lines in space, yet 
many students start out by proving the “completely obvious” assertion 
that a plane can be drawn through two parallel straight lines. They 
lose sight of the fact that the existence of such a plane is part of the 
very definition of parallel lines. 

Another similar case has to do with proving the existence of skew li- 
nes. There are some who confine themselves to pointing to the floor 
and the ceiling. It is of course a good thing to have ready such a neat 
example of skew lines but this does not relieve them of the necessity of 
giving a rigorous proof of their existence. 

Take any three points A, B, C and, exterior to the plane defined by 
them, a fourth point D. Then the straight lines AB and CD are skew 
lines. Indeed, if they were in one plane, then all their points would be 


in that plane as well, but then that would contradict the choice of 
point D (Fig. 93). 


Fig. 93 


Then there are cases where the student, since he doesn’t know the 
proper definition, makes do with such erroneous analogies and fanta- 
stic inventions as “a straight line is parallel to a plane if it is paralle! 
to any line in the plane”; “a straight line is perpendicular to a plane if 
it is perpendicular to some straight line in the plane”; “the angle bet- 
ween a straight line’and a plane is the angle which this line forms with 
the straight lines of the given plane”, and others in the same vein. 
Their absurdity becomes obvious as soon as we attempt to picture the 
geometric meaning of such definitions. 

' At the same time, there is no necessity to memorize definitions word 
for word; certain departures from the statements given in standard text- 
books are permissible. It is best, however, to keep such deviations wi- 
thin bounds. For instance, rather often the student takes the criterion 
for the perpendicularity of a straight line and‘a plane for the definition 
of the perpendicularity of a straight line and plane, Unfortunately, 
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they fail to grasp the fact that in this new definition, the earlier defi- 
nition becomes a theorem that has to be proved. So here too such loose 
handling of definitions can lead to added complications. 
‘ Many mistakes are made due to incomplete formulations of definiti- 
ons and, particularly, theorems. Here is a typical answer to a request, 
to formulate the criterion of parallelism of two planes: “If two straight 
lines lying in a plane are parallel to two straight lines lying in the 
other plane, then the planes are parallel.” Just a single word was left 
out; the student should have said, two intersecting straight lines. 
So the student’s statement of the theorem was incorrect and the answer 
cannot be considered exact. 

One of the most important notions dealt with in this section is that 
of the angle between skew lines. Let us recall it. To construct an angle 
between skew lines one usually does as follows: he takes an arbitrary 
point in space and draws through it two straight lines parallel to the 
given lines. The angle between the constructed skew lines is, by defi- 
nition, the angle between the given skew lines. 

This definition may give rise to a natural question: does not the angle 
between the skew lines depend on the point chosen as its vertex? It 
turns out that the choice of the point does not affect the size of the angle. 
To justify this assertion, it is necessary to refer to the familiar crite- 
rion of parallelism of two planes and to the theorem on angles with 
parallel sides in space. 

The concept of an angle between skew lines can, when systematically 


employed, simplify many definitions and theorems. For example, it | 


is possible at once to define perpendicular lines as lines the angle bet- 
ween which is a right angle, irrespective of whether the lines lie in one 
plane or not. In turn, -this definition greatly simplifies the solution of 
many problems. 

In the same way it is easy to see that a 
is perpendicular to any line in the plane, including such that does not 
pass through the point of intersection of the given straight line and 
the plane. This follows directly from the definition of a straight line 
perpendicular to a plane and from the definition of perpendicular lines. 


line perpendicular to a plane 


Of particular interest in this respect is the so-called strong criterion 


of the perpendicularity of a straight line and a plane: if a straight line 
is perpendicular to two arbitrary nonparallel ( intersecting) straight lines 
lying in some plane, then it is perpendicular to the plane itself. . 

This statement, unlike the ordinary one, does not require that two 
straight lines necessarily pass through the point of intersection of the 
given straight line and the plane. What would seem to be a minor de- 
tail is seen to play an essential role in problem solving. 

Proof of the strong criterion is exceedingly simple (Fig. 94). If the 
given, straight line / is perpendicular to two intersecting straight lines 
i and /* of plane P, then it is perpendicular to the parallel lines 2” 
and /** drawn through the point 0 of its intersection with the plane P. 


f 
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Hence, the line /, by the ordinary criterion for the perpendicularity 
of a straight line and a plane, is perpendicular to the entire plane P, 
The proof is complete.* 

The foregoing strong criterion permits, say, reducing to a few words 
the proof of the so-called theorem on three perpendiculars, which, pro- 


Fig. 94 


perly speaking, is now merely a special case. Indeed (Fig. 95), let AC 
be perpendicular to plane P, let AB be inclined, and let BC be the 
projection of the inclined line on the P plane. If DE is drawn in the P 
plane perpendicular to AB, then DE is perpendicular to the plane ACB 


A 


Fig. 95 


(since DE | AC and DE | AB), and so DE is perpendicular to any 
straight line in this plane, in particular, to the projection BC of the 
inclined line. Conversely, if DE is drawn in the P plane perpendicular 
to the projection BC, then again DE is perpendicular to the plane 
ACB, and therefore DE | AB. 

Note besides that the use of the notion of the angle between skew 
lines permits us, in the theorem on three perpendiculars, not to as- 
sume that a straight line in a given plane must necessarily pass through 
the foot of the inclined line. 

The concepts we consider here are particularly important for a pro- 


"per understanding of geometric facts when solving a variety of problems 


involving pyramids. The following theorem, for example, is very 
useful. It has to do with an arbitrary triangular pyramid (Fig. 96): 


the altitude SH of a triangular pyramid SABC passes through the altitude 


AD of the base if and only if the lateral edge SA is perpendicular to the 


* Quite naturally, the fact that a straight line is perpendicular to two parallel 
lines in a plane does not imply the perpendicularity of the straight line to the plane 
itself (give an example!). 


3.4 Lines and planes in space 335 


base edge BC. It is easy to see that this assertion is simply a different. 
formulation of the theorem concerning three perpendiculars: SH and 
SA are the perpendicular and inclined lines, respectively, to the plane 
of the base ABC, and BC is the third straight line. 

The next problem, which many students find particularly difficult, 
is solved at once with the aid of this theorem. 


§ 


Fig. 96 


B 


1. /n a triangular pyramid, the altitude drawn from the vertex falls 
in the point of intersection of the altitudes of the triangle lying in the base. 
Show that all altitudes of the pyramid dropped from the vertices of the 
base on the lateral faces possess this property. . 

Indeed, since the altitude of the pyramid passes through all altitudes 
of the base, it follows that each lateral edge of the pyramid is perpendi- 
cular to the opposite edge of the base. By the same theorem, only in 
reverse, any altitude of the pyramid has this property. 

From this same theorem it follows, for example, that the lateral 
edges of a regular triangular pyramid are perpendicular to the opposite 
edges of the base. This statement may for instance be needed in the 
construction of the plane angle of the dihedral angle at the lateral edge 
of the pyramid. Students often suggest the following construction: 
“We pass a plane through a side of the base perpendicular to a lateral 
edge and then the angle obtained in the section will be the required 
angle.” In principle the idea is correct but there is one very essential 
detail lacking—why such a plane can be drawn; because in the case of 
arbitrary skew lines it is not, generally speaking, possible to draw such 
a plane. It is possible when and only when the lines are perpendicular 
(prove this!). For this reason, the construction is indeed possible in 
a regular triangular pyramid. 

We note another typical mistake. Many students drop a perpendi- 
cular from a vertex of the base of a regular triangular pyramid on a la- 
teral face and, without any hesitation, consider that this altitude falls 
on the altitude of the lateral face. This assertion is of course true but it 
requires justification, It can readily be seen that it follows from the 
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theorem we formulated above and also from the result of Problem 1. 
However, when solving a problem in which this statement is used, one 
should not rely on the indicated theorem (or, all the more so, on 
Problem 1) but must provide a separate independent proof. 

The most unpromising is the following “brute force” approach to a 
proof of this statement: draw the altitude SD of the lateral face ASB 
of the regular pyramid SABC, drop the altitude CK of the pyramid 
from vertex C of the base on face ASB and prove that SD and CK in- 
tersect (Fig. 97). Unfortunately many students reason in this fashion, 
whereas it is much simpler to do otherwise. 

Let SABC be a regular pyramid and CK a perpendicular dropped 
from vertex C on face ASB (Fig. 97). Join K and D, the midpoint of 


S 


Fig. 97 


A 


edge AB. The line DC is perpendicular to AB, being the median of 
the equilateral triangle ABC. The line CK is perpendicular to the 
plane ASB and hence to any straight line of this plane, in particular, 
to edge AB. Hence, edge AB is perpendicular to the plane DCK since 
it is perpendicular to two intersecting straight lines CD and CK lying 
in the plane. Therefore, AB is perpendicular to any straight line in 
the plane DCK, to DK for one. 

Thus, DK { AB and since D is the midpoint of the base AB of the 
isosceles triangle ASB, the point K lies on the altitude SD of this tri- 
angle. 

The strong criterion of perpendicularity is a good worker in many 
problems where for given dihedral angles it is required to construct 
plane angles. 

2. A perpendicular equal to p is drawn from the foot of the altitude of a 
regular triangular pyramid to a lateral edge. Find the volume of the py- 
ramid if the dihedral angle between its lateral faces is equal to 2a. 

Let SABC be the given pyramid (Fig. 98), OK the perpendicular 
equal to p, and let the dihedral angle at edge SC be equal to 2a. 

Let us first construct the plane angle of this dihedral angle. It is 
natural to take point K for the vertex of the plane angle. It is then 
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necessary, in the planes of the faces ASC and BSC, to draw perpendi- 
culars KL and KM from K to edge SC. 

At this point, many students at the examination made mistakes. 
Some figured that these perpendiculars must necessarily pass through 
points A and B, others believed the points L and M to be the mid- 
points of sides AC and BC of the triangle ABC. Neither view is correct. 
The reasoning should be as follows. 


- J 


Fig. 98 


The plane containing KL and KM must be perpendicular to edge 
SC (since SC | KL and SC | KM). To find this plane that is per- 
pendicular to SC, it suffices to find any two nonparallel lines perpendi- 
cular to SC. One such line is given; this is OK, since OK | SC. For 
the second such line we can take edge AB. Indeed, SO is a line perpen- 
dicular to plane ABC, SC is an inclined line, CO is its projection; 
but AB | CO and, hence, by the theorem on three perpendiculars, 
AB | SC. 


We have thus found two straight lines, OX and AB, which are per- — 


pendicular to SC. But unfortunately they do not intersect, they are 
skew lines. However, there is a way out of this situation: through O 
draw LM || AB. Then LM is also perpendicular to SC, and LM and 
OK then intersect. Consequently, SC is perpendicular to the plane in 
which these lines lie, that is, to the plane of the triangle KLM. But 
then SC | KL and SC |. KM, that is, 2 LKM is the plane angle of 
the dihedral angle at the edge SC. Thus, ZLKM = 2a, and points 
L and M.of perpendiculars KL and KM (to edge SC) are located on the 
sides AC and BC of triangle ABC in such a manner that LM passes 
through the cenire of triangle ABC parallel to side AB. 

Qnly computations remain now. Having proved that ZOKM = 
= ZOKL = a, we find OM = p tana, and so (from the right triangle 
OCM) we have OC = p V3 tan a. But OC is the radius of a circle cir- 
cumscribed about the equilateral triangle ABC; hence, AB = 3px 
tan a, and the area Sp 4 nc of the base of the pyramid follows at once, 


22-3480 


338 Ch. 3 Geometry 
On the other hand, from the right triangle KOC 


F OK l 

sin OCR ge g = 

Since Z. KOS = Z OCK (as acute angles with perpendicutar sides), 
the altitude of the pyramid is 


SO == Dp V3 


eee eee Se 
cos(Z OCK) Y3—cot® a 


Thus the sought-for volume is 


tan? a 
V 3—cot? a 


3. The base of a pyramid is an equilateral triangle with side a. One 
of the faces of the pyramid is perpendicular to the plane of the base. This 
face is an isosceles triangle with side b 34 a. Find the area of a section 
through. the pyramid that is square. 

Let KLMN be the square stipulated in the problem (Fig. 99). We 
do not as yet make any assumptions as to which particular lateral face, 
ASB, BSC or ASC, is perpendicular to the plane of the base. 


Ss 


1 9 
V=zS0:Sp asc= 7% P* 


Fig. 99 Fig. 100 
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Since KN || LM, it follows that KN is parallel to the plane of the 
base ABC, and so the plane ASB that passes through KN intersects the 
plane ABC along the edge AB which is parallel to KN. The proof that 
— SC\| KL is analogous. 

From this it follows that, first, the plane of the section is parallel to 
the skew edges AB and SC and, second, these edges must be mutually 
perpendicular since the (right) angle LKN of the square KLMN is 

the angle between these skew lines. 

Now notice that the pyramid SABC has only one pair of. mutually 
perpendicular skew edges. We will prove this on another drawing 
(Fig. 100). 


: 
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Let SPQR be the given pyramid in which the face PSQ is perpendi- 
cular to the base PQR. Draw the altitude ST of the pyramid. It is | 
obvious that ST lies in the plane of the face PSQ and is at the same 
time the altitude of the isosceles triangle PSQ and, hence, the median 
as well, since RT is the altitude of the equilateral triangle PQR. By 
the theorem on three perpendiculars, the inclined line SR is perpendi- 
cular to PQ, which is the line perpendicular to its projection PT. 
On the other hand, the line in plane PQR perpendicular to edge SQ 
must be perpendicular to its projection PQ. But PR does not have this 
property, and so edges SQ and PR are not perpendicular. Similarly, 
edges SP and QR are not perpendicular. Thus, only edges SR and PQ 
are mutually perpendicular. These are: the lateral edge not lying in the 
face perpendicular to the base, and the edge of the right dihedral angle. 

Returning to Fig. 99 we conclude that it is precisely AB that isthe 
edge of the right dihedral angle, that is, face ASB is perpendicular to 
the plane of the base. , 

To carry out the computations, draw KH | AB and join H and L. 
The line KH is perpendicular to HL, since it lies in one of two mutually 
perpendicular planes and is perpendicular to the line of their intersec- 
tion. Also, draw the altitude ST of the isosceles triangle ASB and 
the altitude CT of the base ABC. Denote the side of the square KLMN 
by x, Then 


st=Vw—*, AT=4, Anat 


Since A AKH is similar to A AST and A ALH is similar to 
A\ ACT, it follows that ~ 


and, by the Pythagorean theorem, from the right triangle KHL 
a—x\2 fa® 

oa (4) (F+8) 
whence, after extracting the root (with allowance made for a> x) 
and performing the necessary manipulations, we get the side x of the 
square and then its area: 

ap~ia+4 \? 
=\ 2a+ V 2a? + 46 


Of great importance in solving problems of solid geometry is a pro- 
perly constructed drawing. If it is done properly, the solution is frequ- 
ently obvious at a. glance. oo 

However, a plane representation of spatial configurations is only 
possible with certain distortions, and therefore the drawing, no matter 
how carefully made, will require some effort to grasp properly, neces- 
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sitating that the student indicate right angles which appear acute 
in the drawing, skew lines which in the drawing intersect, etc. 

Every fact, no matter how obvious it looks on paper, must be justi- 
fied by rigorous logic so as to avoid the confusion caused by the peculi- 
arities of a plane representation of spatial configurations. This is par- 
ticularly true of problems involving proof. Moreover, in these problems 
the. particularities of representation (distortion of angles and the like) 
frequently obscure the true picture and complicate the proof, 


Fig. 10! 


4. Given in space two rays Ax and By not lying in the same plane and 
forming an angle of 90°; AB is their common perpendicular. Consider 
point M on Ax and point P on By such that 2AM-BP = AB?. Prove 
that the distance from the midpoint O of AB to the line MP is equal to 
AB/2., 

Let Ax and By (see Fig. 101) be the rays given in the problem. 
In our drawing they will appear as two rays of intersecting straight 
lines, but we will bear in mind that this is merely an illusion. The rays 
do not lie in one plane. 

The following construction will be found useful in many problems 
involving skew lines. Draw through a point B ray Bz || Ax and lay 
off line segment BN = AM. By the definition of the angle between 
skew lines AM and BP, we have Z PBN = 90°, which means PBN 
is a right triangle with hypotenuse PN. It is well to stress this fact 
because some students fell. into the trap of the drawing and regarded 
BPN as the right angle. 

By the Pythagorean theorem, from the right triangle we find PN?= 
= BN?+ BP*= u?+ v? (the designations are as given in Fig. 101). 
The line MN is perpendicular to the plane yBz, and so from the right 
triangle PNM we have PM?= 4h?+- u2+- v?. But it is given that 
(2h)?= 2uv, hence PM?= (u + v)?, or PM =u +. 

Draw the altitude OT of triangle POM, the length of which is the 
desired distance. When applying the Pythagorean theorem to the 
right triangles PTO and MTO, we can write the equation b\— PT?= 
= C— (u + v— PT)?. Noting that 6?= u?+ h? (from the right tri- ~ 
angle OBP) and c*= v?-+ h? (from the right triangle OAM), we get 
the equation 2u(u + v) = 2-PT-(u + v) or PT = u. Hence OT?= 
= b'— PT*== h? or OT = h = AB/2. 
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_ Ordinarily, problems involving the computation of polyhedral 
angles cause some difficulty that is due largely to an insufficiently deve- 
loped geometrical imagination and an inability to make a proper draw- 
ing, whereas all the elements of a trihedral angle can rather easily be 
determined with the aid of trigonometry by proceeding from simple 
geometric reasoning. 

5. Let the acute angles A, B and C be the plane angles of a trihedral 
angle. Prove that if the dihedral angle opposite the plane angle C is a right 
angle, then cos C = cos A-cos B. 

Let Sxyz be a trihedral angle (Fig. 102) in which 2 xSy = A, 
Z. 28x = B, Z ySz = C, and the plane of the face zSx is perpendicu- 
lar to the plane of face ySx, Draw plane MNP perpendicular to Sx; 


Fig. 102 


then MN | Sx, PN 1.Sx, Z MNP = 90°. It may be noted that the 
remaining angles of the triangle MNP, namely Z PMN and Z MPN, 
are not the plane angles of the dihedral angles at the edges Sy and Sz. 
Denoting the length of SN by a, we get, from the right triangles 
PSN and MSN, 
PN=atanB, MN=atanA4, 


a a 
PS= 58? MS = 7 


We now calculate in two ways (from the right triangle MNP and from 
the oblique triangle MSP) the length of MP and equate the results: 


2 2 2a? 4 
; ; ‘ 24. 8 a = a" COS 
a’ tan? B + a® tan? A = cost*B or apat A cosB cos A 


Cancelling out a? and performing the obvious manipulations, we get 
the relation required. : : 

Note that both Fig. 102 and the foregoing solution were carried 
through under the assumption that all angles A, B, C are acute. Howe- 
ver, the.formula which we derived holds true without any supplemen- 
tary assumption. We leave it to the reader to consider all possible 
cases and to justify the formula. 

Note that if we depict the given trihedral angle not vertex upwards 
as in Fig. 102 (and as most students do), but more conveniently, the 
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solution may be obtained in a much simpler fashion. Indeed, the right 
dihedral angle is more reasonably depicted as one ordinarily repre- 
sents a pair of mutually perpendicular planes (Fig. 103). 

Let Sx be the edge of the right dihedral angle, the edges Sy and Sz 
lie in different planes of this angle. From an arbitrary point K of edge 
Sz drop perpendiculars KH and KL, respectively, on Sx and Sy. 


Fig. 103 


Since the dihedral angle at edge Sx is a right angle, the line KH is 
perpendicular to the whole plane xSy and, in particular, KH 1 SL. 
Hence, by the theorem on three perpendiculars, HL 1 SL. 

From the right triangle KLS we now obtain SL = SK cos C, 
and from the right triangles SLH and SHK wehave SL = SH cosA = 
= SK cos B cos A. Comparing these two expressions for SL, we 
see that the required equation is valid. 

6. The plane angles of a trihedral angle are equal to 45°, 45° and 60°. 
Through the vertex is drawn a line perpendicular to one of the faces whose 
plane angle is equal to 45°. Find the angle between this line and the edge 
(of the trihedral angle) that does not lie in the indicated face. 

In constructing the drawing we will again deviate from the standard 
procedure. Since we are dealing (as stated) with a perpendicular to two 
straight lines, that is, to the plane defined by them, it is convenient 
to represent this plane horizontally and the perpendicular vertically. 

Thus, let S be the vertex of the trihedral angle (Fig. 104); from it 
issue the edges S/ and Sm which form an angle of 45°. Sp is a perpendi- 
cular to these lines; Sn ‘is the third edge of the trihedral angle, and 
Z.nSm = 45° while Z nSi = 60°. 

On Sn take a line segment SA of length a and from point A drop 
a perpendicular AK on the plane mS/ and perpendiculars AB and AC 
on the lines S! and Sm, respectively. Joining points B and C to K, 
by the theorem on three perpendiculars we find that BK and CK are 
perpendicular, respectively, to Sf and Sm. a 
_ From the right triangles ACS and ABS we readily find SC = 

= al 2/2, SB = a/2 However if we join B and C and consider the tri- 
angle CBS, then by the cosine law we can determine CB = a/2, or 
CB = SB. Since CSB = 45°, the isosceles triangle CBS has a right 
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angle at the vertex B. But it was already noted that 2 KBS = 90°, 
and we quite unexpectedly come up with a contradiction. 

Very few of the students were able to find a way out of this contra+ 
diction, although the matter at hand is not so complicated. From the 
foregoing reasoning it follows that the configuration represented in 
Fig. 104 actually does not occur (see Sec. 3.2): point K must lie on 


Fig. 104 


§ 


line CB (Fig. 105). But as soon as we put K on CB, we immediately 
reveal another contradiction: since CK |. Sm and BK | Sl, there 
are two right angles in triangle SBC. How do we resolve this contradic- 
tion? From right triangles ACS and ABS we find AC = a) 2/2, 
AB = a V3/2. Recalling that CB = a/2, we easily find, by the con- 
verse of the Pythagorean theorem, that ABC is a right triangle with 
right angle ACB. i 

Thus, neither does the configuration given in Fig. 105 occur. Points 
K and C coincide, which is to say that the perpendicular AC to the 
een line Sm is at the same time perpendicular to the entire plane 
mSl. 

But in this case it is obvious that AC || Sp, that is, the lines Sp 
and AC lie in one plane. Since Z ASC = 45°, the sought-for angle 
between Sp and Sn, or angle nSp, is equal to 45°. 


Fig. 106 


§ 
It is interesting to note that with a sufficiently developed geometri- 
cal imagination it is possible to find a very short, purely geometric, 
solution to this problem that does not require any computations 
at all. Consider the cube (Fig. 106). If one notes that the trihedral angle 
SABC is precisely the trihedral angle mentioned in the problem and 
the edge SM of this cube is perpendicular to face BSC, then, clearly, 
angle MSA is the desired angle and it is equal to 45°. 
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We conclude this section with an investigation of the concept of 
orthogonal projection. 

If in space a line segment AB is orthogonally projected on some plane 
P, then the length of the projection, A’ B’, is connected with the length of 
AB by the relation . 

A'B’ = AB cos . (1) 


where @ is the angle between AB and the P plane (Fig. 107).* If 
through B we draw BK parallel to the projection A’B’, then this 
formula follows in obvious fashion from a consideration of the right 
triangle AKB because angle ABK is the angle between the straight 
line AB and the P plane. 


Formula (1) shows that the length of the projection of a line segment 
can never exceed the length of the segment itself and is equal to it 
when the line segment is parallel to the plane on which the projection 
is performed. Now if the line segment is perpendicular to this plane, 
then its projection is a single point. = 

The following proposition very often comes in handy in problem 
solving. It describes the relationship between the areas of a plane 
figure and its orthogonal projection. /f S is the area of a plane polygon 
and Sp, is the area of its projection on some plane P, then 


Spr == S COS & (2) 


where a is the angle between the P plane and the plane of the polygon at 
hand.** 


Fig. 108 


ee 
P 8 
We first prove this formula for a triangle (Fig. 108). Let triangle 
ABC have an orthogonal projection A’B’C’ on plane P. (If the projec- 
* Ifa straight line and a plane are parallel, then the angle between them is taken 
(by definition) to be zero. ‘ 
** The angle between two (intersecting) planes is measured by the plane angle 


of any one of the dihedral angles formed by these planes. If the planes are parallel, 
then the angle between them is taken to be (by definition) zero, 
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tion is a line segment, then this means that the plane of triangle ABC 
is perpendicular to the P plane and the formula is obvious if we take 


into account that the area of a triangle that degenerates into a line js. 


equal to zero.) Of the three vertices of triangle ABC let vertex B have 
the property that AA’> BB’> CC’. (We leave it to the reader to exa 
mine the case AA’= BB’=4 CC’; if AA’= BB'= CC, then the plane 
of triangle ABC is parallel to the P plane.) 

Through point B draw plane P, parallel to the P plane. The projec. 
tion of triangle ABC on the plane P, is the triangle A”BC” equal to 
triangle A’B’C’. The line MN of intersection of the plane P; with the 
plane of the triangle ABC divides this triangle into two triangles: 
AABL and A BLC. . 

In the plane of triangle ABC, drop a perpendicular AH from point 
A on side BL; then, by the theorem on three perpendiculars, A"H 1 BL 
and so 


Sy ast=4 BLAH, Sp avery BL-A'H 


But the angle between AH and plane P, is equal to the angle a between 
the plane of triangle ABC and the plane P; (or plane P). And so 
A’H = AH-cosa and, hence, 


Sa ara. = y BL-A"H => BL» AH-cosa=Sp api-cos 


The reasoning is exactly the same for the triangles BCL and BC”L; 
thus, we finally have 


Spr = Sa arp = Sp arecr = Sp Ape’ Cos & = S- cos & 


If the figure being projected is a polygon, then by dividing it and 
its projection into triangles and summing the results for each pair of 
triangles, we obtain the formula to be proved. 

Formula (2) is conveniently used to compute the areas of sections of 
various solids, lateral surface areas, angles between planes, and the 
like. For example, if we know the area s of the base of a regular many- 
sided pyramid and the angle o of inclination of a lateral face to the 
plane of the base, then the lateral surface area is 


s 
S= fore 


But if the solid is a truncated pyramid (parallel bases; also called 
frustum), then for s we have to take the difference of the areas of the 
bottom base and top base. It is easy to see that this fact is valid also 
for any irregular pyramid as long as all its lateral faces are inclined to 
the plane of the base af one and the same angle a, 
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Exercises 


1. Let ABCDA,B,C,D, be a cube (ABCD is the square of the bottom base; 
AA,, BB,, CC,, DD, are the lateral edges), What is the size of the angle between the 
lines: (a) AA, and B,D, (b) AD, and D,C, (c) AD, and B,D? Find the distance bet- 
ween the lines: (d) AA; and B,D, (e) AD, and DC, if an edge of the cube is equal to a. 

2. In a regular tetrahedron find the angle between skew edges and- the dihedral 
angle between faces. Find the distance between skew edges if the side of the tetrahed- 
ron is equal to a. nee 

3. Is the statement true that if L and / are skew lines, then through L it is 
possible to pass a unique plane’parallel to the straight line 2? Determine whether 
the following proof of it is correct. 

Take a point A on line L and draw through it a line L* parallel to /, The 
ie wm passing through the intersecting lines L and L* is obviously parallel to /. 

ince it is possible to draw only one line L* parallel to J through the point A, and 
since it is possible, through two intersecting lines L and L*, to pass only one 
plane, it follows that through L it is possible to pass a unique plane parallel to 
the straight line 1. ; 

4. L and / are two skew lines. Is it always possible to construct a plane con- 
taining L that is perpendicular to J? 

: S Does there always exist a line perpendicular to three given pairwise skew 
ines 
i : Does there always exist a line that intersects all three given pairwise skew 
ines? 

7. Can there exist in space four pairwise mutually perpendicular skew lines? 

8. In a cube with edge a is drawn a common perpendicular of two skew dia- 
gonals of adjoining faces. Find the lengths of the line segments into which it divides 
the given diagonals of the faces. 

9. Prove that if a straight line forms equal angles with each of three pairwise 
nonparallel lines lying in one plane, then it is perpendicular to that plane. 

10. Can two nonadjacent lateral faces of a many-sided pyramid be perpendicular 
to the plane of the base? ; 

11. A plane angle is formed as the result of cutting a given dihedral angle 
by ay possible planes intersecting its edge. Within what limits can the plane angle 
vary 

12. Let A, B, C, D be four arbitrary points in space. Prove that the midpoints 
of the line segments AB, BC, CD, DA lie in one plane. What figure is formed if the 
midpoints of these line segments are joined in succession? 

13. Prove that all four altitudes of a regular tetrahedron intersect in one point. 

14. A line AB is parallel to a plane m. CD intersects AB at an acute angle @ 
and forms with the plane = an angle ». Determine the angle between the m plane 
and the plane in which the lines AB and CD lie. 

15. The plane passing through one of the edges of a regular tetrahedron divides 
the volume of the tetrahedron in the ratio 3:5. Find the tangents of the angles into 
which this plane divides the dihedral angle of the tetrahedron. 

16. In a regular triangular pyramid the side of the base is equal to a and the 
lateral edges are equal to 6. Determine the dihedral angle at a lateral edge. 

17. A right triangle is located so that its hypotenuse lies in a plane x and the 
legs form with this plane the angles a and B, tespectively. Find the angle between 
the plane of the triangle and the m plane. 

18. From a point of the edge of a dihedral angle a (0<a@< 90°) issue two rays 
lying in different faces. One of the rays is perpendicular to the edge of the dihedral 
angle and the other one forms with the edge an acute angle B. Find the angle between 
these rays. 

19. The line segments of two straight lines contained between parallel planes 
stand in the ratio 2 : 3 and their angles with one of the planes stand in the ratio 2 : 1. 
Determine the angles, : 
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20. The plane angles of a trihedral angle are @, B and y. A point is taken at g 
distance | from the vertex of the trihedral angle on the edge adjoined by the plane 
angles B and y. Determine the distance from this point to the plane of angle a, 

. 21. A point M is taken on a sphere of radius R and from it are drawn three equal 
chords Mb, MQ and MR so that Z PMQ= Z QMR= ZRMP=«. Find the lengths 
of the chords. ; ° 

22. In aright triangle, a plane is drawn through the bisector of the right angle, 
The plane forms with the plane of the triangle an angle a. What angles does. it form 
with the legs of the triangle? 

23. A straight line tangent to a cone forms with its generatrix, at the point of 
tangency, an acute angle a and is inclined to the plane of the base of the cone at an 
angle B. Determine the angle between the generatrix and the base plane. 

24. The altitude of a triangular pyramid ABCD. dropped from the vertex D 
passes through the point of intersection of the altitudes of the triangle ABC, It is 
also given that DB=b, DC=c, Z BDC=90°. Find the ratio of the areas of the faces 
ADB and ADC. 

25. Two line segments, AB of length a and CD of length 6, lie on skew lines, 
the angle between which is a. The feet O and 0’ of a common perpendicular (of length 
c) to these lines divide AB and CD so that OA : OB=2:3and CO’ : O'D=3; 2, 
Find the lengths of the line segments BD and BC. 

26. Let ABCDA,B,C,D, be a right parallelepiped (ABCD and A,B,C\D, are pa- 
rallelograms and the lateral (parallel) edges AA;, BB,, CC, DD, are perpendicular 
to the planes of these parallelograms), in which AD,=A,D=a, BA= B=, AC= 
= ¢, BD=d. Compute the dihedral ansle between the faces AA,B,B and AA,D,D, 

27. A straight line passes inside a trihedral angle, all plane angles of which 
are equal to a. The line is inclined identically to all the edges. Find the angle of 
inclination of this line to each edge of the trihedral angle. . 

28. An equilateral triangle ABC with side a is given in a plane P. A line 
segment AS=a is laid off on a perpendicular to plane P at point A. Find the 
tangent of the acute angle between AB and SC and the shortes distance between 
them, 

29. A perpendicular, equal to a, is dropped from the foot of the altitude of a re- 
gular triangular pyramid to a lateral face. Find the volume of the pyramid, given 
that the plane angle at the vertex of the pyramid is equal to a. 

30. A perpendicular, equal to p, is drawn from the foot of the altitude of a regular 
triangular pyramid to a lateral edge. Find the volume of the pyramid if the dihedral 
angle between a lateral face and the base {is equal to &. 

31. Determine the volume of a parallelepiped, all edges of which are equal to 
unity and the plane angles at one of the vertices are p<90". 

32. Determine the sine of the angle between two altitudes dropped from two ver- 
tices of a regular tetrahedron on opposite faces. 

33. In a trihedral angle OABC the angle between the faces OAB and OBC is a 
right angle and each'of the other dihedral angles is equal to y. Find the plane angle 


34. The angle between two skew lines is 60°. A point A lies on one line, a point 
B on the other, the distances from each of these points to the common perpendicular 
of the skew lines are the same and are equal to the distance between the lines. Find 
the angle between the common perpendicular and the line AB. Note the possibi- 
lity of an ambiguous solution to this problem. 

35. A line segment AB lies on the edge of a dihedral angle. M is the point of 
one of the faces of the angle and is at a distance / from the edge. -A perpendicular 
dropped from M on the other face of the dihedral angle is seen from A at an angle 
of & and from point B at an angle of B. The distance from the centroid of triangle 
ABM to the second face of the dihedral angle is m. Find the length of the line se- 
gment AB. Note the possibility of an ambiguous solution to this problem. 

36. Three equal right circular cones with angle a (a <2n/3) in the axial section 
have a common vertex and are externally tangent to one another along the generat- 
rices 1,, fa, ls. Find the angle between /, and J. 
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3.5 Proofs in geometry 


Geometric proofs have always plagued students. The various prob- 
lems involving proofs that come up are ordinarily considered to be very 
complicated and harder than computational problems. 

Geometric proofs are difficult because they require an ability to 
reason logically and express one’s ideas precisely, aclear understanding 
of what is given and what it is required to prove. It is precisely a lack 
of properly developed habits in carrying through a logical argument 
that accounts for the numerous mistakes made in the solving of prob- 
lems involving proofs. What it means to prove a fact is already a stumbl- 
ing block to many. 

The ability to reason logically, rigorously justifying geometric facts 
can only be developed by practice, by solving a sufficient number of 
problems. There are of course no general procedures for finding a proof 
of some assertion or solving a specific problem involving proof. The 
following selected problems will help the student to see how logical 
arguments are conducted and to overcome some typical mistakes. 

When taking up the proof of some geometric fact or solving a pro- 
blem involving a proof, it is first of all necessary to find the underlying 
- idea, with the aid of which it is possible to construct a rigorous justi- 
fication of the statement at hand. This requires ingenuity, the ability 
to “see” the applicability of certain familiar theorems, to seek various 
supplementary constructions and to notice a specific property of the 
geometric configuration under study.* 

The exploratory search need not of course be presented in the final 
version of the solution, which must simply contain the rigorous proof, 
It is of no importance how the student guessed and what avenue he 
proceeded by to start off the proper chain of logic. What is definitely 
required in the final version is an exhaustive, logically correct justi- 
fication of all arguments. 

One should not, however, overstate the case for ingenuity, since at 
examinations the student is not required to do more than can be expe- 
cted of one who has thoroughly and actively worked through the school 
course of mathematics: ~ 

Let us examine a number of examples of how one might approach the 
solution of geometric problems involving proof. , 

1. Draw through the centre of an equilateral triangle a line parallel 
fo the base. On this line take an arbitrary point M inside the triangle. 
Prove that the distance from M to the base of the triangle is the arithmetic 
mean of the distances from M to the sides of the triangle. 


* The method of grouping in algebra is an analogy. In the general form it is . 
hard to say anything definite about what will lead to an appropriate grouping, but 
experience in problem solving facilitates seeking out the right approaches after a 
few attempts and some probing. 
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Let us first try to find a starting idea of the proof. Let A, be the di- 
‘stance from M to the base AC, and A, and hs, the distances from this 
point to the sides AB and BC, respectively (Fig. 109). : 


We need the equation h,= * (Aa hs). Since the distance from J 
to the base AC is equal to one third the altitude 47 of the triangle, 
then h,= 4 H. Itis therefore sufficient to prove that 4.-+ As= 3 A. 


Fig. 109 


It is easy to notice that in place of this one we can prove the equation 
y+ Aa-t hs= H. Since each of the line segments fi, h, and hg is per- 
pendicular to the corresponding side of the triangle, it is natural to 
attempt to prove the last equation by arguments involving areas. 
Now let us carry through a rigorous proof. Join M to the vertices of 
the triangle. Then Sasc= Samat Smact Scma OF, what is the 
same thing, 4 aH = + ahi +5 ahs-++ ah, where a is the length — 


2 
of a side of the triangle. From this it follows that Ai+ het hs= H. 


On the other hand, hi= ON = +H, since O—the centre of an equi- 
lateral triangle—is the point of intersection of the medians. There- 
fore, naturally, fat As= H— Ay == H. Hence, we indeed have 


hot hg= Qh, or A, is the arithmetic mean of the line segmentsh, andhs. 

Here is another plane problem involving proof. The chief difficulty 
of this problem consists apparently in that the statement to be proved - 
is simply too obvious from the drawing and so it is not very clear how 
one should substantiate it rigorously. 

2, An equilateral triangle is turned through 60° about its centre. Prove 
that the hexagon obtained at the intersection of the original and new posi- . 
tions is regular. ; 

Let ABC be the given triangle (Fig, 110). A rotation through 60° 
takes A into A;, B into B, C into C,. By hypothesis, 7 A0A,= 
= Z. BOB,= Z. COC,= 60°. But, on the other hand, 2. AOC = 
= / AOB = Z. BOC = 120° and, hence, 4 AOA,= 4 A,OB = 
= £ BOB,= 2 BOC = ZCOG,= 4 C,0A = 60°. Besides, all 
line segments OA, OAx, OB, OB,, OC, OC, have the same length. 
From these two facts it follows that points A, A,, B, B,, C, C, are the 
vertices of a regular hexagon inscribed in a circle with centre at 0. 
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Furthermore, since 2 AOA,-+ 2 A,OB + Z BOB,= 180°, it fol- 
lows that the radii AO and OB, constitute one straight line. This line 
AB, is the transversal of the two lines A,B, and AC, and the alternate 
interior angles A,B,A and B,AC are equal (namely, 2 A,B;A = 30°, 
since it is an inscribed angle subtended by are AA,, the central angle 
of which, A,OA, is equal to 60°; similarly 2 B,AC = 30°). Hence, 
A,B,|| AC. In the same way we prove that BC || A.C; and B,C,|| BA. 
‘ 8B 


Fig. 110 


; oy 

But then MN || AC so that A MBN is similar to Z\ ABC, whence 
it follows that A. MBN is an equilateral triangle. In similar fashion 
it can be proved that the remaining small triangles with vertices 
B,, C, Ci, A, Ax are equilateral. - 

Draw A,B. The angle A,BA is inscribed in a circle and intercepts 
an arc of 60°. Angle B,A,B is also inscribed in a circle and also inter- 
cepts an arc of 60°. Hence, 2 A,BM = Z MA,B. Therefore LA A\MB 
is an isosceles triangle: A4;M = BM. But the triangles A,SM and 
BMN are equilateral so that from this equation it may be deduced 
that SM = MN. In similar fashion we can prove the equations MN = 
= NP = PQ = QR = RS of all the other sides of the hexagon 
MNPQRS. Finally, all the angles of this hexagon form straight angles 
with the 60° angles and are thus equal to 120° each. Hence, the hexagon 
MNPQRS has equal angles and equal sides, which means it is a regu- 
lar hexagon. 

A different proof can be given if we begin from the other end. Divide 
the sides of triangle ABC into three equal parts. The resulting hexagon - 
MNPQRS is clearly regular since from the similarity of triangles it is 
readily deduced that all the sides are equal to 1/3 AB and all angles 
-are equal to 120°, 

It now remains to prove that precisely this hexagon is obtained in 
the intersection of triangle ABC and the rotated triangle. To do this, 
extend sides MN, RS and PQ of the hexagon to mutual pairwise inter- 
sectons and consider the newly formed triangle A,B,C. Clearly, 
< A,MS = 60° (as the supplement of Z SMN, which is equal to 
120°) and Z A,SM = 60°. Therefore Z SA,M = 60° and so also 
Z NB,P = Z. QC,R = 60°. Consequently, A A,B,C; is an equilate- 
ral triangle, 
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Consider the quadrangle A,MOS. Its opposite angles are equal in 
pairs (2 SA,M = Z MOS = 60°", 2 A,SO = Z AMO = 120°). 
Hence, A,MOS is a parallelogram, more precisely a rhombus, since 
OS = OM. Therefore A,0 is the bisector of angle SA,M and, similar- 
ly, B,O is the bisector of angle NB,P. It then follows that O is the cent- 
re of the triangle A,BiC;. Besides, A,Bi= A\M + MN + NB,= 
= SM + MN + NP = AB, which is to say A, ABC and A A,B,C, 
are equal triangles. 

Finally, 2. A,0S = 30° (since AiO is the bisector of angle MOS) 
and similarly 2 AOS = 30°, whence 2 AOA,= 60°. 

Thus, the equilateral triangles ABC and A,B,C, are equal, have a 
common centre and the vertices of the second one are obtained from the 
vertices of the first by means of a rotation through 60°. Hence, the 
triangle A,B,C, is the second position of the given triangle, and 
MNPORS is the regular hexagon we are interested in. 

In this problem the statement to be proved was quite obvious. In 
the next one, we have an extremely cumbersome condition, numerous 
constructions and a conclusion that is not at all evident from any scru- 
tiny of the drawing. However, if one goes into the problem painstaking- 
ly, it will be found that there is nothing involved about the construc- 
tions, and the proof of the required assertion is extremely natural. 

3. The angles C, A, B of triangle ABC form (in that order) a geometric 
progression with ratio 2. Let O be the centre of a circle inscribed in triangle 
ABC, K the centre of the circle tangent to the side AC and the extensions 
of sides BC and BA beyond. points C and A, and let L be the centre of a 
circle tangent to the side BC and 
the extensions of the sides AC and 
AB of the triangle beyond pointsC 
and B. Prove that the triangles ABC 
and OKL are similar. 

From the statement of the pro- 
blem it follows that in triangle 
ABC (Fig. 111) we have the re- Fig. i111 
lations: 2 CAB =2 Z BCA, 

Z.CBA =2Z CAB. Point K is 
clearly equidistant from the lines 
AC, AB, and CB and is therefore 
the point of intersection of the 
bisectors BK and AK. Similarly, 
AL and BL and also AO and BO 


L 
are bisectors of the corresponding angles. Then the angles LAK and 
LBK are right angles as being between the bisectors of supplementa- 
ry angles. 

Therefore if we construct circle on KL (as diameter), then points A 
and B will lie on the circle. But angles KLA and KBA will then be 
subtended by are AK. Consequently, they are equal. Similarly, 
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ZLKB=2Z LAB. But 2 KBA = 1/22 CBA = 24. CAB and 
ZLAB=1/24CAB=Z BCA so that 2 KLA = 7. CAB, 


2. LKB = Z BCA. 
Hence, A ABC is similar to A. OKL (two corresponding angles in 


each are equal). 

There can be no question that proof problems in solid geometry are 
more difficult than those in plane geometry. This is due firstly to hay- 
ing to imagine spatial configurations that are often rather difficult to 
visualize on a flat drawing (see Sec. 3.6 where this is discussed). Also, 
it is more difficult in solid-geometry problems to’“see” a useful auxili- 
ary construction that might lead to a solution. What is more, the logi- 
cal level of reasoning for proofs in space is much higher than for proofs 
in the plane. 

4. In a triangular pyramid, all the plane angles at the vertex are right 
angles. Prove that the vertex of the pyramid, the point of intersection of 
the medians of the base, and the centre of a sphere circumscribed about the 


pyramid.lie on one straight line. 
Denote the vertex of the pyramid by A, its base by BCD (Fig. 112). 


Fig. 112 


BK 


It is convenient, for the solution of this problem, to depict the pyra- 
mid ABCD as lying on one of the lateral faces (say CAB). It is given 
that 2 BAD = Z DAC = 24 CAB = 90°. 

It will be recalled that the centre of a sphere circumscribed about a 
pyramid is the point of intersection of all planes drawn through the 
midpoints of the edges of thé pyramid perpendicular to these edges 
(see Sec. 3.8). It then follows, for one thing, that the straight lines con- 
‘necting the centre O of the sphere circumscribed about the pyramid ABCD 
with the midpoints of the edges AB, AC and AD are respectively perpendi- 

-cular to these edges. 

Join O to vertex A. We have to prove that the point M of intersection 
of the line OA with the plane BCD of the base is the point of intersec- 
tion of the medians of triangle BCD. To do this, we will have to make 
some more constructions in space and outside thé given pyramid. 

Construct on AQ, beyond O, a point M such that AM = 240. 
Through this point, pass a plane x perpendicular to edge AB. Let K 
be the point of intersection of the plane nm and the edge AB. Then 
MK AB, Furthermore, let E be the midpoint of line segment AB, 
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As was mentioned earlier, OF {| AB. The right triangles AEO and 
AKM lie in one plane (drawn through the intersecting lines AB and 
AM) and have a common angle at the vertex A, and so they are simi- 
lar. From their similarity it follows that AK = 2AE, that is, AK = 
=: AB. This means that points K and B coincide. 

Thus, the plane x passing through point M perpendicular to edge AB 
intersects this edge at the point B. It can similarly be demonstrated that 
the planes passing through point M and perpendicular to edges AC 
and AD intersect these edges in points C and D, respectively. But then 
a rectangular parallelepiped ABA,CDB,MC, is formed with diagonal 
AM (Fig. 113) at the intersection of these three planes with the planes 
ABC, ABD and ACD of the lateral faces of the pyramid. ° 


Fig. 113 


It now remains to determine at what point the diagonal AM of 
the parallelepiped intersects the plane of triangle BCD. The diagonal 
AM lies in the plane ADMA,,. This:plane intersects BC in the mid- 
point S (because the diagonals of the parallelogram ABA,C are divided 
in half by their intersection). For this reason, the plane ADMA, 
intersects plane BCD along a straight line joining D to the midpoint 
S of BC, which is to say, along the median SD of triangle BCD. Hence, 
the point of intersection NV of diagonal AM with the plane of the base 
ECD of the pyramid lies on the median of the triangle BCD drawn 
from vertex D to side BC. 

A similar proof is given (by considering the plane BMC,A not depi- | 
cted in Fig. 113) that the point M of intersection of the diagonal AM 
with the plane of triangle BCD lies on the median of this triangle 
drawn from vertex B to side CD. 

Thus, the point of intersection of OA with the plane of the base BCD 
of the pyramid ABCD is indeed the point of intersection of the medians 


of the triangle BCD.* 

* Note that in carrying out the constructions of Figs. 112 and 113 we actually 
assumed that the centre O of the circumscribed sphere lies outside the pyramid, that 
is, is located én line AM at a greater distance from A than N. This fact might be 
proved in rigorous fashion (if in a triangular pyramid the angies at the vertex are right 
angles, then the centre of a circumscribed sphere lies outside the pyramid, on the other 
side of the plane of the base) however it is not necessary to the solution of our problem, 
for in our proof we did not use the order of the points A, N, 0, M on the diagonal 
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The most typical mistake of students is that the logical justification 
of their proofs is frequently incomplete and insufficient. They often prove 
less than is required and their conclusions lack the proper justification. 
An illustration is the following problem. ; 

5. The lateral surface area of a triangular pyramid is equal to s, the 
perimeter of the base is 3a. A sphere is tangent to all three sides of the base 
at their midpoints and intersects the lateral edges at their midpoints as 
well. Prove that the.pyramid is regular. Find the radius of the sphere. 

Note first of all that the sphere in question is “pierced” by the lateral 
edges of the pyramid (at the midpoints). Yet, despite the clear-cut 
formulation of the conditions of the problem, some students regarded 
the sphere as fangent to the lateral edges of the pyramid at their mid- 
points. This would be quite a different problem. Thus, careless reading 
of the conditions may give rise to an error. . 

Considerable difficulties were also caused in this problem by the at- 
tempt, on the part of many students, to draw the sphere and depict the 
configuration. Actually, all one needs is to imagine it, since its re- 
presentation is not needed in solving the problem (see Sec. 3.8). 

With these preliminary remarks, let us now take up the proof— 
that the pyramid in question, call it SABC (Fig. 114), is a regular py- 
ramid. The sphere touches the sides AB, BC and CA of the base at 
their midpoints, at points F, D and E. By the property of tangents 
drawn to a sphere from one point, AF = AE, BF = BD, CE = CD. 
But by hypothesis AE = EC, CD = DB, AF = FB, and therefore it 
is clear that the base of the pyramid is an equilateral triangle. 


Fig. 114 


The plane of the base ABC cuts out a circle from the sphere (the cir- 
cle is inscribed in this equilateral triangle). Obviously the centre of 
ae circle, point K, coincides with the centre of the equilateral triangle 

BC. : 

Let M, L, Q be the midpoints of the lateral edges AS, BS, CS 
of the pyramid. Many students wrote at once that the plane drawn 
through these points is parallel to the base ABC and did not take the 
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pains to justify this statement. But why indeed are these planes paral- 


lel? Since MQ is the midline ofs the triangle ASC, it follows that - 


MQ || AC; for the same reasons, QL || CB, whence, by the criterion of 
parallelism of two planes, our assertion follows. 

By the property of parallel sections in a pyramid, the triangle 
MLQ, being similar to the equilateral triangle ABC, is itself equilate- 
ral. The plane of the triangle MLQ cuts out of the sphere a circle cir- 
cumscribed about this triangle, and its centre coincides with the centre 
of the equilateral triangle MLQ. 

A good many students denoted this centre by P and drew a straight 
line through points S, P and K and cailed this line the altitude of the 
pyramid. However, we do not have any grounds yet for such a conclu- 
sion, since we have not yet proved that these three points are collinear 
or that the line is perpendicular to the plane of the base. 

We give a rigorous proof. Draw SK through the vertex of the pyra- 
mid and the centre of the base; let this line intersect the plane MLQ 
in some point P. Join this point to the vertices of triangle MLQ, 
and point K to the vertices of triangle ABC. PL and KB are parallel 
(as the lines of intersection of two parallel planes MLQ and ABC with 
the plane KSB), and so (\ KSB is similar to A, PSL and, hence, 


PL = + KB. Similarly, we demonstrate that PQ = 5 KC, PM = 


= = KA. Since KB = KC = KA, point P—the point of intersection 


of KS and the plane MLQ—is equidistant from all three vertices of 
the triangle MLQ and is therefore the centre of the circumscribed cir-. 
cle. We have thus proved that the vertex S and the centres P and K 
of triangles MLQ and ABC lie on one straight line (are collinear). 

This line connects the centres of the two circles cut out of the sphere 
by the two parallel planes. We know that such a line is perpendicular 
to these planes and passes through the centre of the sphere. Hence, SK 
is perpendicular to the plane ABC, i.e., it is the altitude of the pyra- 
mid. It is also shown that the centre of the sphere in question lies on 
the altitude of the pyramid. 

Thus, the base of the pyramid SABC is an equilateral triangle, and 
the altitude SK of the pyramid passes through the centre K of the base. 
This means, by definition, that the pyramid SABC is a regular pyra- 
mid. 

To compute the desired radius of the sphere, it is desirable to make 
a separate drawing in the plane of the triangle ASD (Fig. 115). Let 
point O lying on altitude SK be the centre of the sphere. OM and OD 
are clearly equal to the radius r of the sphere. 

Many students took MOD to be the diameter of the sphere and based 
the subsequent solution on that fact. But this cannot yet be justified 
for it does not follow directly from the earlier reasoning and requires 
a separate proof. 
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Denote by N the point of intersection, with AD, of the circle eyt 
out of the sphere by plane ASD. Since KD = 1/3 AD (the point K 
is the centre of the equilateral triangle ABC) and NK = KD (because 
K is the foot of the perpendicular dropped from centre O on the Chord 
ND), it follows that AN = NK = KD. But then MN is the midline 
of the triangle ASK. Hence, MN || SK, that is 2 MND = 90°. 
It then follows that MD—the chord on which stands an inscribeq 
right angle—is the diameter of the circle. 


Fig. 115 


From this point on the computations are easy. We get the length of 
the slant height SD by the formula for the lateral surface area of the 
pyramid and then have to find the altitude of the pyramid from the 
right triangle SKD. Then, applying the Pythagorean theorem tg 
triangle MND, we finally get : 
ra V 16s? 450i 

24a 


The above problem is a good illustration of how each geometric fact 
can be proved by carrying out the necessary additional constructions 
and using familiar theorems. As a rule, these facts are not in the least 
so obvious that they can be left without proper justification. Without 
such substantiation, not one of these facts can be considered estabij- 
shed with full logical rigor and therefore a solution of the problem lack- 
ing such justification cannot be regarded as exhaustive. 

The question sometimes arises as to whether the student should state 
formulation in full when proving theorems. It is up to the student 
to write out in full the formulation he finds necessary for the arguments 
pertaining to his theorem or simply to make a brief reference to it, 
The important thing is that all geometric facts of any assertion or 
construction should be clearly described, logically stated and convin- 
cingly justified. 

When speaking about the necessity to give logically rigorous proofs 
of geometric statements, we wish to point out that the student often 
. makes use of such expressions as “it is quite obvious from the drawing” 
or “it is clear from the drawing that...”, and the like. Remember that 
geometric proof has to derive any required fact not from pictorialness, 
which can easily be illusory, but from the axioms of geometry, from 
definitions and familiar theorems of the school course, 
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' Here is an example of a problem in which many students obtained 
the correct answer, but it was not considered complete due to logical 
flaws in the solution. 

6. Given a cube ABCDA,B,C,D,, where AA;, BB,, CC; and DD, are 
lateral edges. Find the area of a hexagon obtained in the section of this 
cube by a plane passing through the centre of the cube and the midpoints 
of the edges AB and BC. The cube has edge equal to 1. — 

It is easy to picture this hexagon since the shape of the. section is 
explicitly given in the statement of the problem. Apparently, that was 
why many students immediately guessed that the hexagon was regular 
and suggested a solution along the following lines: 

“Let K and L be midpoints of edges AB and BC. Due to symmetry, 
the section passes through P and N, the midpoints of A,D, and D,C,. 
It is quite obvious that the section also passes through the midpoints 
M and Q of the edges CC, and AA,. From the triangles KBL, LCM, 
etc. by the Pythagorean theorem, it is easy to determine the sides of 
the hexagon: KL = LM = MN = NP = PQ = QK = 172. Since 
all sides of the hexagon are equal, it is a regular hexagon, and by the 
known length of a side, its area is equal to 3 3/4.” 

The answer is correct but the reasoning is faulty and so this cannot 
be considered a complete solution. There are many unjustified geometric 
statements and one is even erroneous: a hexagon with all sides equal 
need not necessarily be regular because the definition of a regular poly- 
gon speaks of equality of sides and also the requirement that the angles 
be equal; this however does not follow from the equality of the sides. 


Fig. 116 


R 

However, the equality of angles of the hexagon that is a section is 
not justified in the foregoing “solution” and so the conclusion that the 
hexagon is regular contains a logical flaw. 

The following is a possible complete solution of the problem (use 
is made of a method that is developed in detail in Sec, 3.7). 

Let point O be the centre of the given cube (Fig. 116). This point 
lies at the intersection of the diagonals BD, and A,C of the-cube (not 


ce 


358 Ch. 3 Geometry 


indicated in the drawing); the plane passing through these two diago- 
nals cuts out of the cube a rectangle BA,D,C. This plane has two points 
in common with the section that interests us: O and the midpoint L 
of edge BC. Therefore their line of intersection is the line OL. But 
point O in the rectangle BA,D,C is the centre of symmetry and so LO 
intersects the line A,D, at its midpoint. Consequently, it is proved 
that the point P—the midpoint of edge A,D,—belongs to the section 
under consideration. 

Literally the very same arguments demonstrate that the midpoint N 
of edge D,C, belongs to the section at hand. 

KL lying in the plane of face ABCD (and belonging to the section) 
intersects the extensions of the edges AD and CD at points R and F, 
respectively. Join N and F which lie in the plane of face CC,D,D on 
different sides of the line segment CC,. This straight line will intersect 
CC, at some point M, which also belongs to the section. Similarly, we 
see that the section passes through a point Q on edge AA,. Finally it 
is clear that the lines NF and RP, which belong to the plane of the 
section and are the lines of intersection of this plane with the planes 
of the facesCC,D,D and AA,D,D respectively, intersect in some point 
E lying on the line of intersection of the planes of indicated faces, 
i.e, on DDy,. 

The points of intersection of the desired section with all edges of 
the cube have been constructed. Let us now prove that the points Q 
and M are the midpoints of the appropriate edges. Comparing the right 
triangles RAK, KBL and LCF, we see they are equal and therefore 
RA = FC = 1/2 AB. Comparing the right triangles RAQ, QAiP 
and PD,E, we see they are equal (for instance, A. RAQ = A QAP, 
since Z RQA = Z. AiQP being vertical angles, and RA = 1/2 AB = 
= 1/2 A,D,= A;P since P is the midpoint of the edge). But it then 
follows that Q is the midpoint of edge AA,, and D,E = 1/2 AA,. The 
proof is the same that point M is the midpoint of edge CC,. 

It.is thus proved that the section KLMNPQ given in the problem 
passes through the midpoints of the edges AB, BC, CC,, C,D,, D1Ay, 
A,A of the cube. It is yuite obvious that each side of the hexagon is 
equal to half the diagonal of the face of the cube, that is, all sides of 
the hexagon are equal. 

It remains to establish the equality of all angles of the hexagon. 
It will then be proved that the hexagon obtained in the section is regu- 
lar. From the equality of the right triangles RAK, RAQ and QAK it 
follows that triangle RKQ is equilateral; hence, 2 RKQ = 60° 
and soZ QKL = 120°. Similarly we find that all the remaining angles 
' of the hexagon are equal to 120°. 

Now, to complete the solution, we have every right to take advantage 
of the expression for the area of a regular hexagon in terms of the length 
of its side. 

Some students attempt to justify facts of solid geometry by reference 


en ae 
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to similar statements in plane geometry. For example, in solving 
Problem 5 we used the following theorem: if tangents.are drawn to a 
sphere from an exterior point, the line segments of each of the tangent lines 
from this point to the point of tangency are equal. This was taken by some 
to méan that the theorem is true because in the plane a similar 
property of tangent lines is valid. 

However, any analogy between three-dimensional (spatial) and two- 
dimensional statements cannot be regarded as proof. Every spatial 
statement must be justified in its own right. As a particular instance, 
the property mentioned above about tangents to a sphere requires a 
special proof (which the reader can carry out himself). 

It is well to keep in mind that analogies between two-dimensional 
and three-dimensional statements can even lead to erroneous conclu- 
sions. It will be recalled that in the plane two acute angles with 
corresponding perpendicular sides are equal. But will two plane acute 
angles in space having corresponding perpendicular sides be equal? 
It is easy to construct a case in which such angles need not be equal 
(Fig. 117 depicts a cube; although BiC, | C,E and AiC, 1. CiC, 
the angles B,C,A, and CC,E are not equal). , 
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When carrying out geometric proofs, students frequently substitute 
a converse statement for the direct statement. Suppose, in a chain of — 
reasoning, it is necessary to justify some fact, i.e., fo prove a theorem 
(or refer to a theorem of the school course) that asserts the validity of the 
fact at hand by proceeding from what is given or known. Well, in place 
of this direct theorem, the student refers to the converse, that is, 
to a oe that is valid on the assumption that the fact of interest 
is valid. 

This is clearly a crude logical error and the fact at hand cannot then 
be regarded as proved. The roots of such a mistake apparently lie in a 
hazy understanding of what is given at each stage of the proof and what 
has to be’ justi fied. Therefore, if in the course of a proof it is necessary to 
refer to a statement, it is advisable to recall the exact formulation and 
ue that the assumptions under which the statement is proved are 
valid. 

This kind of logical error caused a lot of trouble in solving the fol- 
lowing problem. 


Fig. 117 
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7. In a trapezoid ABCD, point E is the midpoint of the base BC and F 
is the midpoint of base AD. Denote by P the point of intersection of BF 
and AE and by Q the point of intersection of ED and CF. Prove that 
PQ is parallel to the bases of the trapezoid. 

Since 2 BEP = 4. PAF and 2 PBE=Z PFA (Fig. 118), it 
follows that A\ BPE is similar to A APF and so 

EP __ BE 

AP” AF 
Similarly, it may be proved that A. EQC is similar to A FQD, whence 
follows the equation 


It is given that BE = EC and AF = FD. Therefore the right members 
of the two proportions are equal, but then so are the left members: 


AP DQ 

: EP ~ EQ 

Forming the derived proportion 
AP Er — DOTEQ 


EP EQ 
we get the equation 
AE _DE 
EB“ BG (1) 


Hence, triangles AED and PEQ are similar, for they have a common 
angle E and the corresponding sides are proportional. 


Fig. 118 
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At this point, many students drew the following conclusion: “Since 
A AED is similar to A PEQ, then PQ |] AD because a line parallel 
to the base of a triangle cuts off a triangle that is similar to the original 
one.” Yet this theorem cannot be applied here because it is assumed 
(in the statement) that the line is parallel to the base of the triangle, 
_ and it is being proved that the triangle thus cut off is similar to the given 
triangle. Our situation is the reverse of this: we know that Z\ AED 
is similar to A. PEQ and we have to prove that PQ || AD. The logical 
error of this deduction is apparent. 

For the deduction to be logically justified, we should have referred 
to the converse of the theorem: “If a line intersecting the sides of a tri- 
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‘ angle cuts off a triangle similar to the given one, then it is parallel to 

the base.” But this statement is incorrect (see Fig. 119 where A ABC | 
is similar to A DBE since 7. BED = Z. BAC, Z BDE = Z BCA, | 
but DE isnot parallel to AC). We see that the parallelism of PQ and AD 
requires rigorous justification. 


F | 
Fig. 119 Fy) 
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This can be done as follows. Corresponding angles in similar triangles ' 
are equal aid so, proceeding from proportion (1), we can conclude that - 
Z. EPQ = Z. EAD. But these angles are corresponding angles when : 
the lines PQ and AD are cut by the transversal EA; it then follows, by ae 
the familiar criterion of parallelism, that PQ || AD Ry : 

Here is another problem. : 

8. A sphere of radius r touches the lateral faces of a triangular pyramid 
at the points of intersection of their altitudes. The sum of three plane ang- 
les at the vertex of the pyramid is equal to 3a. Prove that the pyramid is 
regular. Find the length of a lateral edge of the pyramid. 

We start by proving that the pyramid SABC is regular (Fig. 120). 

Let O, be the point of intersection of the altitudes SK and BD of the 
lateral face BSA and O,, the point of intersection of the altitudes SM 
and BE of the lateral face BSC. 


Fig. 120 


B 


It is given that the sphere is tangent to the planes BSA and BSC, 
respectively, at the points 0, and O,. This means that any straight 
line passing through O, (or O,) and lying in the plane BSA (or BSC) te 
will be tangent to the sphere. In particular, the lines SK, BD, SM, as 
BE are tangent to the sphere. But then SO,= SO, and BO,= BO,, ~ 
by the property of tangent lines drawn to a sphere from one and the 
same point, 
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Considering the triangles SBO, and SBO,, we see that they have three 
pairwise equal sides. From the equality of these triangles it follows 
that Z BSO,= Z BSO,, Z SBO\= Z SBO,. 

It is now obvious that A. BSE = /\ BSD (they are right triangles 
and have acommon hypotenuse BS and equal acute angles); A. SBM = 
= /\ SBK (for the same reasons). From the equality of these triangles 
we conclude that 2 BSD = Z. BSE, 2 SBM = Z SBR. 

We finally consider triangles ASB and BSC. They are equal since 
they have a common side BS and two pairwise equal angles adjoining 
this side, whence AB = BC and AS = CS. 

Reasoning analogously with respect to faces ASB and ASC, we get 
the equations AB = AC and BS = CS. We thus prove that in our 
pyramid all lateral edges are equal and all sides of the base are equal. 

At this point, many students concluded: “Hence, the pyramid is 
regular since a regular triangular pyramid has equal lateral edges and 
the base is an equilateral triangle.” The assertion that a regul ar trian- 
gular pyramid has equal lateral edges and an equilateral triangle 
for the base is true, yet this has nothing to do with the case at hand. 
What we need is the converse: if in a certain pyramid all lateral edges 
are equal and the base is an equilateral triangle, then the pyramid is 
regular. And this statement, which is different from the earlier one, 
has to be proved;* that is, we have to demonstrate that under these as- 
sumptions all the requirements of the definition of a regular triangular 
pyramid hold true. 

This can easily be shown to be so: from the equality of the lateral 
edges it immediately follows that the altitude SO of the pyramid pas- 
ses through the centre of the equilateral triangle ABC, and so, in 
accordance with the definition, SABC is a regular pyramid. 

We now undertake the second, computational, step in the solution. 
For this we need the fact that the centre of a sphere tangent to the lateral 
edges of a regular triangular pyramid lies on the altitude of the pyramid. 
Although we speak here about a sphére tangent only to the lateral faces 
of a regular pyramid (and not about an inscribed sphere), the proof of 
this assertion coincides word for word with the arguments that establ- 
ish the location of the centre of a sphere inscribed in a regular triangu- 
lar pyramid (see Sec. 3.8). We therefore leave this proof to the reader. 

However, it must be observed that this proof is a necessary element 

_Of the solution. Unfortunately, at the examination, many students did 
not give this proof and confined themselves to the phrase: “This fact 


* This is sometimes countered by the remark that we can define a regular trian- 
gular pyramid as a pyramid having an equilateral triangle for the base and all late- 
ral edges equal. This definition is true of course, and accordingly the given pyramid 
can at once be termed regular. But then all arguments must be made on the basis of 
this definition (see Sec. 3.4). For one thing, we will have to prove (in the sequel of 
the solution this has to be done) that in a thus defined regular pyramid the altitude 
passes through the centre of the base. To avoid confusion and logical errors, it is 
best to proceed from the generally accepted definitions given in standard textbooks, 
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is an obvious consequence of the drawing because of symmetry.” True, 
the drawing does clearly indicate this statement due to symmetry, 
but such a phrase cannot be regarded as an exhaustive proof. When 
asked to give a more detailed justification, it was a rare student who 
gave a proper logical proof. 

Thus, let point N lying on the altitude SO of the pyramid SABC be 
the centre of a sphere tangent to the lateral faces. Draw plane SOM 
and join points N and QO. Since O, is a point of tangency, the radius 
of the sphere NO,= r is perpendicular to the plane BSC and, hence, 
Z. NO,S = 90°. The right triangles NO,S and MOS are clearly simi- 
lar and so 

NO,:0M =SO,:SO (2) 


Let us denote the required length of the lateral edge of the pyramid 
by x. Since Z BSM = a/2, it is easy to determine the side of the base 
of the pyramid and, hence, the line segment OM. Then the altitude SO 
of the pyramid is found from triangle SOM by the Pythagorean theo- 
rem. Finally, from the right triangle SEB we get 2 SBE = 90° — a 
a so the sine law applied to triangle SBO, enables us to deter mine 

2° 
Substituting the resulting expressions for NO2., OM, SO, and SO 
into (2), we get 
__ rot (@/2) 1/779 cos 
er re Vi +2 cosa 

A common view held’ by students is that the most important thing 
in a computational problem of geometry is to get the right answer. 
As arule they cope well with that portion of the solution which invol- 
ves computations (even when they are rather cumbersome) of the re- 
quired quantity. But many leave untouched. the other portion of the 
solution, which may be considered more important still: they disre- 


gard or fail to understand the necessity of justifying the legitimacy of . 


the computations, of proving the geometric facts that underlie. these 
computations. What is more, it often happens that a student can freely 
handle a variety of formulas but is quite helpless when asked to give 
a rigorous justification for the geometric assertions used in such com- 
putations. 

The proof of geometric facts employed in computations is an unalienable 
and fundamentally important part of the solution of any computational 
problem. Why, in a given concrete pyramid, does the centre of the 
inscribed ‘sphere lie on the altitude? Why is a given straight line per- 
pendicular to the constructed plane? Why is the sphere under conside- 
ration tangent to the given plane precisely at the indicated point? 
These and similar assertions which are essential to the solution of a 
computational problem must be stated and also proved. One should 
first and foremost give a complete and well formulated justification 
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for the solution of the problem and not merely the manipulations, 
for without proof the computations are groundless and for this reason 
the problem cannot, in the full sense of the word, be considered solved. 

Generally speaking, the division of geometrical problems into com- 
putational problems and proof problems is a pure convention. The 
foregoing problems (see Problems 1 and 2) show that only by per- 
forming certain computations is it possible to prove what is required. 
On the other hand, there are many computational problems in which 
the proof of a fact is more essential to the solution than the required 
manipulations. That precisely was what we encountered in Prob- 
lem 6. Again, in the next problem we could not even carry out the 
computations without a full justification of the required assertion, 
because only in the course of the proof are we able to find the approach 
which enables us to compute the answer. 

9. Given a triangle of area s. The medians of the given triangle are 
used to form a second triangle, then the medians of that one are used to 
form a third triangle, etc. Generally, the (n-+1)th triangle is constructed 
from the medians of the nth triangle. Find the sum of the areas of all 
triangles in that sequence. 

Let us first prove that, using the medians of an arbitrary triangle, 
it is indeed possible to construct a triangle. 

Let AK, BM and CN be the medians of the triangle ABC. (Fig. 
121). Through point A draw a line parallel to CN and lay off AP=CN. 
We will have the proof if we can demonstrate that KP=BM. 

Since ANCP is a parallelogram (by construction) and AM=MC, 
the points N, M and P are collinear (they lie on the diagonal of this 


Fig. 121 


Pi are \ ly 
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parellelogram) and NM=MP. However, NM is the midline of the 


- triangle ABC and so NP||BC and NM=1/2 BC=BK. Therefore, in 


the quadrangle BM PK the sides MP and BK are equal and parallel, 
that is, BMPK is a parallelogram and, hence, KP=BM. 
Thus, a triangle can be constructed from the medians of any triang- 


‘ie. Now let ABC be the given triangle of area s and furthermore let 


triangle AKP be built from its medians. We find Saaxp =S, if 
Saasc =5. Note that AR is a median of triangle AKP. (the equality 
PR=RK follows from the equality APMR=ARKC), and we recall 


Sea CE sinha dance Sa rea 
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that a median divides the area of a triangle in half. Therefore Sj axr = 
=$,/2. On the other hand, Sjaxr == 38/8 since AR, the base of triang- 
‘le AKR, is equal to 3/4 AC and the altitude of this triangle is half the 
altitude of triangle ABC, whence we get s,=3/4 s. 

If we use the medians of triangle AXP to construct another triangle, 
its area will be s,=3/4s,, etc. The problem reduces to finding the 
sum S==s-+s,-+s.--. . .-+s,-+ .... It is not hard to realize that this 
is the sum of a nonterminating decreasing geometric progression: 


S=s+3s+ (+) S+...s4s 


The justification of geometric facts on which computations are 
based is particularly important in solid-geometry problems. It very 
often happens that the crux of.a solution to such a problem lies in the 
proof and not in the computations, which frequently amount to a 
rather simple application of familiar formulas. 

10. The altitude of a regular triangular pyramid is equal to h. The 
points of intersection of the altitudes of each of the lateral faces and the 
vertex of the pyramid lie on the surface of a sphere of radius r. Find the 
volume of the pyramid. 

At an examination, many students took it for granted that the 
centre of the sphere lies on the altitude of the pyramid (this fact is 
utilized in the computations) and, noting that fact without any sub- 


Fig. 122 


stantiation, they immediately went on to the computations. Some, 
when the mistake (the lack of a proof) was pointed out to them, coun- 
tered with the remark that no one ever required of them a detailed 
description and explanation of a drawing. Yet it is not a question 
here of explaining a drawing, but of missing an essential portion of a 
solution! 

The plane x drawn through the points 0,, Oz, Os—these are 
the points of intersection of the altitudes of the lateral faces of the 
pyramid SABC (see Fig. 122)—cuts out of the sphere a circle 
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that passes through these three points. The centre of the sphere lies 
on the perpendicular (to the m plane) erected from the centre of the 
circle circumscribed about the triangle 0,0,0;. We will prove that 
this perpendicular coincides with the altitude of the pyramid. 

Since the pyramid is regular, all the lateral faces are congruent 
triangles and so the points of intersection of their altitudes (the Points 
O,, Oz, Os) lie at the same distance from the vertex S. Thus SO, == 
SO,=S0O3.* ' 

Draw the altitude SK of the pyramid and denote by N the point of 
intersection of SK with the x plane. From the equality of the triang. 
les SKD, SKF and SKE it follows that ZDSK=ZFSK=ZESK 
and from the equality of these angles and the equality of the line 
segments SO,, SO, and SO; it follows that ASNO,= ASNO,= ASNO ; 
Therefore NO,=NO,=NO,, or the point N is the centre of a circle 
circumscribed about the triangle 0,0,03. 

Thus the altitude of the pyramid does indeed pass through the 
centre of the circle circumsribed about triangle O,0,03. It has not 
yet been proved however that this altitude is perpendicular to the nt 
plane. 

From the similarity of the isosceles triangles ESD and 0,SO, (their 
sides, containing a common angle at the vertex, are proportional) jt 
follows that 0,0,|ED (see Problem 7). In the same way it can be 
shown that 0,03||DF. Hence the x plane is parallel to the plane of the 
base of the pyramid and for this reason the altitude SK. is perpendicu- 
lar to the x plane. This completes the proof that the centre of the 
sphere lies on the altitude of the pyramid. 

Now let us take up the computations. To determine the volume of 
the pyramid we have to find a side of the base. Consider face BSC, 
Since the right triangles SDB and BMC have a common acute angle B, 
ZDSB=2£ MCB and so the right triangles SDB and O,DC are 
similar. From their similarity we conclude that 

xv 
0,D= Tp (3) 
where x is the length of a side of the base of the pyramid. 

Now let us make a drawing (Fig. 123) and consider the plane ADS, 
Let the point O lying on the altitude SK of triangle ADS be the 
centre of the sphere, that is, the centre of a circle passing through 
the points, S and 0,; then OS=00,=r. Drawing the altitude OL 
of the isosceles triangle SOO, and noting that A SLO is similar to 
A SKD, we find 2 
SL = oT (4) 


* We stress that this fact is a property of congruent triangles. It occurs irrespec- 
"tive of the sphere in the problem. Some students attempted to obtain these equations 
by using the property of tangents to a sphere, but SE, SD and SF “pierce” the sphere 
and for this reason are not tangents to the sphere, : 
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But SD=2SL+-0,D, or, with regard for (4) and (3), 
SD? = rh +* 


On the other hand, from the right triangle SKD we have SD?= 
=h?+-KD?, where KD=1/3 AD (because K is the centre of the equi- 
lateral triangle ABC, see Fig. 122). The two resulting equations for 
SD* .yield an equation that permits determining x, after which we 


at once find the volume V= + Vihe (h—2r). 


Fig. 123 


We note in conclusion that in the process of solving this problem we 
did not prove all the geometric facts that were used. Some were so 
obvious that we did not even state them. For example, without any 
commentary, we asserted that the altitude SK (Fig. 122) intersects 
the « plane of triangle 0,0,0; and is not parallel to it. For the com- 
putations, we made use of Fig. 123, in which point O lies on altitude 
SK above point K, and so forth. 

Of course, it is logically necessary to prove such statements, but 
in reality there is simply not time enough to try to justify absolutely 
all assertions. What is more, many geometric statements actually 
cannot be rigorously proved without a preliminary construction of a 
complete system of axioms of geometry, which is not done in school. 

The student is therefore required to isolate the basic statements in 
each problem and give the proofs. 


Exercises 

1. Prove that the lines joining successive centres of squares that are constructed 
on the sides of a parallelogram and adjoin it from the outside form a square. 

2. Prove that if all dihedral angles of a triangular pyramid are equal, then all 


the edges are also equal. . ‘ : 
3. Prove that if the opposite edges of a triangular pyramid are perpendicular in 


pairs, then all altitudes intersect in one point. 
4. An arbitrary point O is taken inside a triangle ABC. Through O are drawn 
lines parallel to the sides of the triangle: EK||BC, PMI||AC, TX||AB. Points E and P 


lie on side AB, points K and 7 on side AC, M and X on BC, Prove that AB 
vdeo oat 
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5. The sides a, 6 and ¢ of a triangle ABC lie, respectively, opposite the angles 
A, Band C. Prove that the bisector of angle A, Bg= se Using this 
formula, prove that a triangle with two equal bisectors is an isosceles triangle. 

6. Squares are constructed exteriorly on the sides of an isosceles triangle. 
Prove that the distance between the centres of the squares constructed on the sides 
is equal to that from the centre of the square constructed on the base to the opposite 
vertex of the triangle. 

7. Prove that if the median and the altitude drawn from vertex B of a triangle 
ABC trisect angle B, then ABC is a right triangle. 

8. Given that the vertices of the bottom base of a right triangular prism lie on 
the surface of a sphere, while the sides of the top base are tangent to the sphere. Prove 
that the prism is then regular. 

9. Medians BD and CE are drawn in a triangle ABC; G is their point of inter- 
section, Prove that the triangle BCG and the quadrangle ADGE have equal areas. 

10. Two circles are concentric, the smaller one dividing the larger one into 
two parts of the same size. Prove that the portion of the annulus between parallel 
tangents to the circle of smaller radius has an area equal to that of a square in- 
scribed in the smaller circle. 

11. A circle is inscribed in an isosceles trapezoid. Prove that the ratio of the 
area of the circle to the area of the trapezoid is equal to the ratio of the circum- 
ference of the circle to the perimeter of the trapezoid. 

12. A sphere is inscribed in a truncated cone (frustum of a cone), Prove that 
the surface area of the sphere is less than the lateral surface area of the cone. 

13. The angle at the vertex of an isosceles triangle is equal to 10°. Prove that the 
lateral side a and the base 6 of the triangle are connected by the relation 1/2x 
x(V 6—YV 2 &-+ B= 36a". 

14. Prove that the radius of a circle passing through ‘the midpoints of the 
Bids of a triangle ABC is half the radius of a circle circumscribed about the tri- 
angle. 

15. A quadrangular frustum of a pyramid is circumscribed about a sphere. 
Prove that the volumes of the sphere and the frustum of the pyramid stand in the 
same ratio as their total surface areas. 

16. Choose points E, F, G, H on the sides AB, BC, CD, DA of a parallelogram 
ABCD so that AE: EB=CF : FB=CG:GD=AH : HD=1:2. Prove that the 
quadrangle EFGH is a parallelogram and find the ratio of its area to the area of the 
parallelogram ABCD. 

17. Prove that in an equilateral triangle the sum of the distances from any 
point to the three sides is a constart. 

18. Prove that in an isosceles triangle the sum of the distances from any point 
of the base to the sides is a constant. 

19. Given, in a triangle ABC, angles A==n/7, B=2n/7, C=4n/7. Prove that 
poser a, b, ce, of sides BC, CA and AB are connected by the relation a-!= 

ation h, 

20. Given a tetrahedron ABCD. Prove that its edges AD and BC are mutually 

perpendicular if and only if the equation 


“ AB? + DC? = AC?-+ DB? 
holds true. 

21. Given in a plane P an equilateral triangle ABC with side a. Line seg- 
ments BD=a/Y 2 and CE=aY 2 are laid off on lines perpendicular, at points B and 
C, to the P plane on one side of the plane. Prove.that the triangle DAE is a 
tight triangle. Compute the area of the triangle and find the cosine of the dihedral 
angle formed by plane DAE and plane P. 

22, AB and CD are two mutually perpendicular diameters of a circle S,. A cir- 
cle S, has centre D and radius DA. From D are drawn two rays that cut S, in 
the points P and Q and cut the arc AB of circle S,, which arc lies inside circle Sj, 
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at the points M and N. Let P, and Q, be projections of P and Q on the diameter 
AB. Prove that the figure bounded by the arcs PQ and MN and the line segments 
MP and NQ is equivalent in area to the triangle DP,Qy. 

23. Prove that in a triangle ABC whose sides AB=4 cm, BC=3 cm and AC= 
<5 cm, the medians AK and CL are mutually perpendicular. 

24, Prove that the projection of a regular tetrahedron on a plane will have 
maximum area when the plane is parallel to two skew edges of the tetrahed- 
ron. 

95. Prove that the sum of the squares of the lengths of projections of the 
edges of a unit cube on a plane does not depend on the mutual positions of the 
cube and the plane and is equal to 8. 

96. The dihedral angle between planes P and Q is a, A square with side I 
lies in the P plane. Prove that the perimeter of the projection of the square on the 
Q plane is a maximum when the diagonal of the square is parallel to the Q plane. 

27. The dihedral angle between the planes P and Q is a An equilateral 
triangle with side 1 lies in the. P plane. Prove that the sum ‘of the squares of the 
projections of its sides in the Q plane is independent of its position in the P plane. 

98. Prove that if the lengths of the sides of a triangle form an arithmetic 
progression, then the centre of a circle inscribed in this triangle and the point of 
intersection of the medians lie on a line parallel to the side of middle length of 
the triangle. ; 

29. A sphere is tangent to all lateral faces of a triangular pyramid at the 
centres of circumscribed circles. Each of the three plane angles at the vertex of the 
pyramid is equal to %. The sum of the lengths of the lateral edges is equal to 
3b. Prove that the pyramid is regular and find the radius of the sphere. ; 

30. The altitude of a triangular pyramid is equal to A, the sum of the nine 
plane angles at the vertices of the base is equal to a. Given a sphere that is tan- 
gent to all lateral faces at the points of intersection of their medians. Prove that 
it is a regular pyramid and find the radius of the sphere.. 

31. A sphere touches all three lateral faces of a triangular pyramid SABC at 
the points of intersection of their bisectors. From the vertex S are drawn bisectors 
SD and SE of the lateral faces SAB and SAC. Angle DSE is equal to a, the 
volume of the pyramid is V. Prove that it is a regular pyramid and find the peri- 
meter of the base. 

32. Given that the sides of a triangle ABC satisfy the relation AC: AB=BC}— 
—AC%, prove that the angle A is twice the angle B. 
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Particularly difficult to the student are geometric problems in 
which it is required not merely to use a certain formula or prove a 
fact, but to visualjze the geometric configurations. 

Pictorial geometric visualization is developed gradually through 
constant practice. It is extremely important to be able to visualize an 
object or figure “from different angles” and to make a proper and 
accurate drawing. 

The following problem is an illustration of how a student’s inabi- 
lity to visualize a configuration in space and to properly grasp the 
true interrelationship of solids shown in a drawing give rise to erro- 
neous solutions. : 

1. The bottom base ABCD of the right prism ABCDA,B,C\D, 
(where A,A, B,B, C,C, D,D are lateral edges) is a rhombus with acute 
angle . It is given that a sphere. of diameter d can be inscribed in the 
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prism and will be tangent internally to all faces. Find the area of the 
section of the prism by a plane passing through the edges BC and A,Dy. 

Let us determine the area S of the rectangle A4,D,CB (Fig. 124). 
Since it is possible to inscribe a sphere (not shown in the drawing) 
in a right prism, it is possible to inscribe a circle in the rhombus 
ABCD, The centre of the sphere is equidistant from all lateral faces 
of the right prism, and so the orthogonal projection of the centre 
on the plane ABCD is equidistant from all sides of the rhombus. 


Fig. 124 


Thus, the altitude DK of the rhombus is equal to the diameter of the 
sphere, that is, the side (of the rhombus) DC=d/sin @. It is easy to 
see that the altitude of the prism is equal to the diameter of the 
inscribed sphere, or DD,=d. 

Some students at an examination proceeded from the drawing 
and regarded A,D,CB as a rectangle and so they sought the area of 
the section by the formula S=BC-D,C. Actually, however, S=BCx 
xD,K, where D,K is the altitude of the parallelogram A,D,CB, that 
is, D,K | BC. By the Pythagorean theorem, from the triangle D,\DK 
we find D,K=d/2 and, hence, S=d?)2/ sin q. 

Another incorrect solution was this. From point D, the altitude 
D,M of this parallelogram was dropped on side A,B of the parallelog- 
ram A,D,CB. The side A,B is at once found from triangle A,AB by 
the Pythagorean theorem: A,B=dV 1-+sin? o/sin @. Furthermore, 
since the sphere touches the faces AA,B,B and DD,C,C, the conclu- 
sion is drawn that D\M=d and so S=A,B-d. But here too the spa- 
tial visualization was faulty; actually D,;M->4d;* in other words the 
altitude DM of the section under consideration is not equal to the 
distance between the parallel planes AA,B,B and DD,C,C, 
or, simply, D:M is not perpendicular to the plane AA,B,B. Also 
note that A,B and D,C are not tangent to the sphere inscribed in 
the prism.. 

In these erroneous solutions, the mistakes were of. course due to a 
faulty understanding of the drawing, to insufficient geometrical 


* Using the expression found above for S and the formula S=A,B-D,M, it is 
easy to compute the actual altitude DiM, ; 


3.6 Geometric imagination 371 


imagination. However, these mistakes could have been avoided if the 
students had not merely used the fact (which was incorrect) which 
they “saw” in the drawing but had attempted to justify it in rigorous 
terms. It would then be evident at once that this fact is nonexistent. 

It is well to bear in mind that a good spatial visualization cannot be 
separated from a complete logical demonstration of all the geometric 
facts used to support the solution. No matter how clearly the student 
“sees” (visualizes) a given spatial configuration and no matter how 
carefully the drawing has been made, he should supply rigorous proof 
of all assertions, even those that appear to be “obvious” from the dra- 
wing. 
Figuratively speaking, geometric imagination can suggest an appro- 
ach to a solution, it enables us to work the solution out in the rough. 
Here we give free rein to our intuition and only attempt to check to 
see if we are moving in the right direction. But this must be followed 
by a “final” solution in which the hazy intuitive reasoning and conje- 
ctures are replaced by exhaustive proofs. a 

The next two problems will serve to illustrate the importance of 
geometric imagination. It will be hard to chart a path towards the 
solution without some geometric imagination. ‘Incidentally, even a 
good drawing does not always hint at the basic fact that can lead toa ~ 
solution. ; 

2, Given a regular quadrangular pyramid SABCD with vertex S. 
A plane is passed throtigh points A and B and the midpoint of edge SC. 
In what ratio does this plane divide the volume of the pyramid? 

First solution. First of all note that the line AB is parallel to the 
plane of the lateral face DSC (Fig. 125) because edge AB is parallel 


Fig. 125 


to edge DC, Therefore the cutting plane passing through edge AB and 
point’F—the midpoint of edge SC—intersects the plane of the face 
DSC along the straight line EF, which is parallel to AB and, hence, 
to DC. From this it is clear that EF is the midline of triangle DSC. 

We have to compare the volumes of two solids, one under the cut- 
ting plane, the other above it; the solid underneath is of irregular 
shape. This comparison requires some additional construction that 
should lead to a more “natural” solid: lay off line segment FK=EF 
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prism and will be tangent internally to all faces. Find the area of the 
section of the prism by a plane passing through the edges BC and A,D,. 

Let us determine the area S of the rectangle A,D,CB (Fig. 124), 
Since it is possible to inscribe a sphere (not shown in the drawing) 
in a right prism, it is possible to inscribe a circle in the rhombus 
ABCD. The centre of the sphere is equidistant from all lateral faces 
of the right prism, and so the orthogonal projection of the centre 
on the plane ABCD is equidistant from all sides of the rhombus, 


Fig. 124 


Thus, the altitude DK of the rhombus is equal to the diameter of the 
sphere, that is, the side (of the rhombus) DC=d/sin @. It is easy to 
see that the altitude of the prism is equal to the diameter of the 
inscribed sphere, or DD,=d. 

Some students at an examination proceeded from the drawing 
and regarded A,D,CB as a rectangle and so they sought the area of 
the section by the formula S=BC-D,C. Actually, however, S=BC x 
xD K, where D,K is the altitude of the parallelogram A,D,CB, that 
is, DiK | BC. By the Pythagorean theorem, from the triangle D\DK 
we find D,K=dV2 and, hence, S=d?)"9/ sin q. 

Another incorrect solution was this. From point D, the altitude 
D,M of this parallelogram was dropped on side A,B of the parallelog- 
ram A,D,CB. The side A,B is at once found from triangle A,AB by 
the Pythagorean theorem: A,B=dV I-Fsin? g/sin 9. Furthermore, 
since the sphere touches the faces AA,B,B and DD,C,C, the conclu- 
sion is drawn that D,\M=d and so S=A,B-d. But here too the spa- 
tial visualization was faulty; actually D,;M=<d;* in other words the 
altitude D,M of the section under consideration is not equal to the 
distance between the parallel planes AA,B,B and DD,C,C, 
or, simply, D,M is not perpendicular to the plane AA,B,B. Also 
note that A,B and D,C are not tangent to the sphere inscribed in 
the prism. ; 

In these erroneous solutions, the mistakes were of course due to a 
faulty understanding of the drawing, to insufficient geometrical 


* Using the expression found above for S and the formula S=A,B-D,M, it is 
easy to compute the actual altitude D\M, — 
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imagination. However, these mistakes could have been avoided if the 
students had not merely used the fact (which was incorrect) which 
they “saw” in the drawing but had attempted to justify it in rigorous 
terms. It would then be evident at once that this fact is nonexistent. 

It is well to bear in mind that a good spatial visualization cannot be 
separated from a complete logical demonstration of all the geometric 
facts used to support the solution. No matter how clearly the student 
“sees” (visualizes) a given spatial configuration and no matter how 
carefully the drawing has been made, he should supply rigorous proof 
of all assertions, even those that appear to be “obvious” from the dra- 
wing. 

Figuratively speaking, geometric imagination can suggest an appro- 
ach to a solution, it enables us to work the solution out in the rough. 
Here we give free rein to our intuition and only attempt to check to 
see if we are moving in the right direction. But this must be followed 
by a “final” solution in which the hazy intuitive reasoning and conje- 
ctures are replaced by exhaustive proofs. oO 

The next two problems will serve to illustrate the importance of 
geometric imagination. It will be hard to chart a path towards the 
solution without some geometric imagination. Incidentally, even a 
good drawing does-not always hint at the basic fact that can lead to a 
solution. 

2. Given a regular quadrangular pyramid SABCD with vertex S. 
A plane is passed through points A and B and the midpoint of edge SC. 
In what ratio does this plane divide the volume of the pyramid? 

First solution. First of all note that the line AB is parallel to the 
plane of the lateral face DSC (Fig. 125) because edge AB is parallel 


Fig. 125 


to edge DC. Therefore the cutting plane passing through edge AB and 


point F—the midpoint of edge SC—intersects the plane of the face . 


DSC along the straight line EF, which is parallel to AB and, hence, 
to DC. From this it is clear that EF is the midline of triangle DSC. 

We have to compare the volumes of two solids, one under the cut- 
ting plane, the other above it; the solid underneath ‘is of irregular 
shape. This comparison requires some additional construction that 
should lead to a more “natural” solid: lay off line segment FK=EF 
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on the extension of EF beyond point F, and then join K to the verti- 
ces B and C of the base of the pyramid. . 

Consider the quadrangle DCKE. This is a parallelogram since the 
opposite sides DC and KE are equal and parallel and so the opposite 
sides DE and CK are also equal and parallel. It is shown in similar 
fashion that the quadrangle ABKE is a parallelogram and therefore 
its opposite sides AE and BK are equal and parallel. Since the base 
of the regular pyramid SABCD is a square, the sides DA and CB 
of the square.ABCD are also equal and parallel. 

It follows from what has been said that in triangles ADE and BCK 
the corresponding sides are equal and parallel and this means that 
the triangles ADE and BCK are equal and their planes are parallel. 
Since, besides, DC=EK=AB and the straight lines DC, EK and AB 
are parallel, the solid CBKDAE is a triangular (oblique) prism with 
bases CBK and DAE, 

This prism can also be regarded as one half the parallelepiped 
ABCDA,B,KE in which the base is a square ABCD and one of the 
lateral faces is a parallelogram DCKE (Fig. 126). Therefore the vo- 
lume of prism CBKDAE is equal to one half the volume of this paral- 
lelepiped, that is, it is equal to one half the product of the area of 
the square ABCD by the altitude of the parallelepiped, or, say, by 
the length of the perpendicular FM dropped from F to the plane ABCD. 

If SO is the altitude of pyramid SABCD, then from the similarity 
of the triangles OSC and MFC it follows that the altitude FM of 
our parallelepiped is equal to half the altitude of the pyramid, 

Let V be the volume of the pyramid, V, the volume of the prism 
CBKDAE, Q the area of the square ABCD, and H the altitude of the 
pyramid. Then V=1/3 QH, Vi=1/4 QH. Thus, Vi==3/4 V, or the 
volume of the prism CBKDAE constitutes 3/4 of the volume of the 
pyramid SABCD. 

However, we are not interested in the volume of the prism 
_CBKDAE, but in that of the polyhedron CFBDEA (Fig. 125), which 
is equal to the difference of the volumes of the prism CBKDAE and 
the pyramid BCKF. And so we seek the volume V, of the pyramid 
BCKF. , 

Let Q, be the area of triangle CKF and h the altitude dropped from 
vertex B on the plane of triangle CKF. Thus, the volume of pyramid 
BCKF is V,=1/3 Q,h. But the prism CBKDAE may be regarded as 
half the parallelepiped DCKEABB,A, whose base is the parallelog- 
ram DCKE, and the square ABCD is one of the lateral faces (Fig. 
126). Then the altitude of this parallelepiped is equal to h and the 
area of the base DCKE is four times the area of triangle CKF. The 
volume of prism CBKDAE can thus also be written as Vi=2Q,h, 
whence, taking into account the expression for V., we find that V,= 
=1/6 V,, and so the volume, Vs, of the polyhedron SFBDEA is V;= 
=V,—V.=5/6 V,. But since Vi=3/4 V, we finally get V,=5/8 VY, 
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Hence, the volume of the polyhedron CFBDEA constitues 5/8 of 
the volume of the pyramid SABCD; that is, the cutting plane divides 
the volume of this pyramid in the ratio 3: 5. 

Second solution. As in the first solution, we first prove that the cut- 
ting plane intersects the lateral face DSC along the midline EF. 
We then consider the volumes resulting from the section of two solids. 
But this time we concentrate on the quadrangular pyramid SABFE, 
the base of which is the section—the trapezoid ABFE (Fig. 127). 

Denote the side of the square ABCD by a and the altitude SO of 
the pyramid SABCD by h. Then the volume V of the pyramid SABCD 
is clearly equal to V=1/3 ath. ; 


Fig. 127 Fig. 128 


A M B 


The volume of the pyramid SABFE is equal to a third of the pro- 
duct of the area of the trapezoid ABFE by the length of the perpendi- 
cular dropped from S to the cutting plane. 

Let us begin by computing the area of the trapezoid ABFE. The 
bases are a and a/2, respectively, so we have to find the altitude. 
Draw ‘through altitude SO of the pyramid a plane MSP perpendicu- 
lar to the edge AB. The straight line MN, which is the line of inter- 
section of this plane with the plane of the section, is the altitude of the 
trapezoid ABFE since it connects the midpoints of the bases of an 
isosceles trapezoid. Dropping a perpendicular NR from N on plane 
ABCD and considering the similar triangles SOP and NRP, we rea- 
dily find that NR=h/2. Then, from the right triangle NRM we de- * 
termine MN=(1/4) V 4h?+9a? and for this reason the area of the tra- 
pezoid ABFE is equal to (3/16) a V 4h2+-9a". : 

Since the plane MSN is perpendicular to the plane ABFE (because 
the plane ABFE contains the straight line AB which is perpendicular 
to plane MSN), then, consequently, the perpendicular dropped from 
vertex S onto plane ABFE lies in the plane MSW and forms with MN 
a right angle. In other words, the altitude of the pyramid SABFE 
coincides with the altitude of the triangle MMSN dropped from vertex 
S. However, it is easy to find the altitude of this triangle by compa- 
ring two expressions for the area of the triangle: the expression in 
terms of three sides by Hero’s formula (it will be noted that all three 
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sides of the triangle MSN are easily determined) and the expression 
in terms of the product of half the side MN by the corresponding 
altitude. 

Simple computations show that the altitude of triangle MSN drop- 
ped from vertex S, that is, the altitude of the pyramid SABFE, is 


equal to 2ah/V 4h?+9a", 

But then the volume of pyramid SABFE is equal to 1/8 ath, in 
other words, it constitutes 3/8 of the volume of the pyramid SABCD. 

Third solution. Having proved that the cutting plane passes through 
the midline EF of triangle DSC, we consider the solid under the cut- 
ting plane. Unlike the first solution, we will attempt to compute the 
volume of this solid as the sum of the volumes of specially constructed 
pyramids. . 

Passing a plane through the points B, E and C (Fig. 128), we parti- 
tion the polyhedron CFBDEA of interest into two pyramids: the 
quadrangular pyramid EABCD with vertex E and base ABCD and 
the triangular pyramid FBCE with vertex F and base BCE. 

Since the altitude.of pyramid EABCD is half the altitude of pyra- 
mid SABCD, the volume of pyramid EABCD is equal to half the 
volume of pyramid SABCD. 

We can readily compute the volume of pyramid FBCE if we consi- 
der E as the vertex and take the triangle BCE for the base: it turns 
out that the volume of this pyramid is equal to half the volume of 
the triangular pyramid DBCF (to prove this, it suffices to drop per- 
pendiculars from points D and E on the plane BSC and, having con- 
sidered the corresponding similar triangles, to be assured that the 
altitude of the pyramid DBCF is twice that of the pyramid EBCF). 
Now, in pyramid DBCF take point F as vertex and the triangle DBC 
as the base. Comparing the pyramids FDBC and SABCD, we see that 
-the volume of the former is one fourth that of the latter. 

Hence, the volume of pyramid FBCE is equal to 1/8 the volume 
of the given pyramid SABCD and so the volume of the polyhedron 
CFBDEA is 5/8 the volume of this pyramid. 

3. Given a regular triangular pyramid SABC, with vertex S, with side 
of base a and lateral edge b. A first sphere with centre at O, is tangent to 
planes SAB and SAC at points B and C and a second sphere with centre 
at O, is tangent to planes SAC and SBC at points A and B.Find the 

‘volume of the pyramid SBO,0,. 

To find the volume of any triangular pyramid, first of all decide 
which face is to be taken for the base in order to simplify computing 
the area of the base and the altitude of the pyramid dropped on the 
‘plane of the base. 

The student with some geometric imagination will at once see that 
the edge SB (Fig. 129) is perpendicular to the plane 0,80, and, besi- 
des, that 0,0,=AC, Thus, geometric visualization: suggests right 
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off a simple solution: to prove the foregoing facts and compute the 
radii O,B and O,B. 

Here is the solution. Since BO, is perpendicular to the plane ABS; 
then BO,..SB; since BO, is perpendicular to plane BCS, then 
BO, \.SB and hence (see Sec. 3.4), SB is perpendicular to the plane 
0,B03, that is, SB is the altitude of the pyramid, 


5 
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To compute the area of the triangle 0,BO;, we have to find the 
radii O,B and O,B. Let us first find radius 0,B. Draw a plane through 
the three points B, C and O,; it will cut the edge AS at point D. 
Since BO, is perpendicular to the plane ABS, then, for one thing, 
BO, |. AS; similarly, CO, AS; hence, AS is perpendicular to plane 
BCO,. But then BD and CD are the altitudes of the lateral faces ABS 
and ACS and are readily found: BD=CD=(alb)V b’—1/4 a, Having 
proved the similarity of the triangles BDK and BDO,, we find BO.= 
=aV (6 —I/ a)/(36°—a*). Similarly, we find BO,=BO,. 

It remains to find 0,0, i.e., to prove that 0:0,=AC. 

Noticing that AO, is perpendicular to the plane ACS and CO, is 
perpendicular to the same plane ACS, we get AO,||CO,. Hence the 
points A, C, O,, and O, are coplanar. And so the quadrangle ACO,0, 
is plane and AO,||CO,, AO,=CO, so that ACO,O, is a parallelogram 
and therefore 0,0,=AC =a. Now, using three sides, we find the - 
area of the triangle BO,O, and then the desired volume’ V = 
= ab?/(12V/ 3b? —a’). 

One should not get the impression however that geometric imagina- 
tion is only needed in solid geometry. The most important thing in 
the next problem of plane geometry is a proper visualization of the 
drawing and the student’s ability to consider and explain all possible 
cases. 

4, Given, in a plane, four distinct points A, B, C and D, AB\|CD 
and AGL BD. Prove that AD_|_BC. 

The positions of points A and B may be chosen in the plane in arbit- 
rary fashion (Fig. 130). Now, let C be located so that the foot of 
a perpendicular dropped from it on the straight line / on which AB 
lies is inside this line segment, 
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It is clear that the point D must lie on line m, which is perpendicu- 
lar to AB and passes through point C. Since, by hypothesis, AC_LBD, 
point D must lie on line n that passes through point B perpendicular 
to AC. Since AC and AB intersect, the lines m and n, perpendicular 
to them, intersect as well. Their point of intersection isD. Let us now 
consider the triangle ABC. Suppose that D lies inside it; we draw line 


Fig. 130 


p through A and D. Obviously, mand n are the altitudes of this tri- 
angle and so p is also an altitude. Indeed, if we drop from vertex A 
an altitude on. BC, then the altitude (by a familiar theorem on the 
properties of the altitudes of a triangle) will have to pass through D 
and so will coincide with p (they have two points in common). It is 
then clean that AD_LBC. 

The cases when point D lies outside the triangle ABC or when m 
intersects / outside AB are considered similarly. Point C cannot lie 
on the line / itself. The proof of this is left to the reader. Do not forget 
that a solution cannot be considered satisfactory without an exhaus- 
tive examination of all possible cases, 

The part played by geometric imagination is well illustrated by 
“shadow problems” where one can conjecture the expected result and 
can get a “feeling” of the solution before substantiating it rigorously. 

5. Given in the plane a right circular cone and a vertical pole (line 
segment). The radius of the base cf the cone is 1 metre, the altitude, 2 met- 
res. The base of the pole is 2 metres from the centre of the base of the cone, 
and the altitude of the pole is 4 metres. At the top of the pole is a source 
of light. Find the area of the shadow cast by the cone on the plane (disre- 
garding the area of the base). 

To construct the shadow of the cone, join point /, the light source 
(Fig. 131), to all points of the cone. The points of intersection of these 
rays with the plane P on whioh the cone rests will constitute the 
shadow cast by the cone. In a practical construction, it is of course 
unnecessary to draw all the rays; a few will suffice merely to give 
the general outline of the shadow. Therefore the most important thing 
here is to determine which rays form the boundary of the shadow. 

It is easy to see that the boundary points of the shadow are obtained 
from rays which have exactly one common point with the cone: if a 
ray intersects the surface of the cone in two points, then the point of 
intersection with the plane will lie inside the shadow, and if a ray 
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does not intersect the cone, then the corresponding point of intersection 
with the plane does not belong to the shadow at all. But how do we 
find these rays having one point in common with the cone? - 

Let us take a look at the cone from point /. First we see the shadow 
cast by S, it is point C. Then moving down the left side of the cone 
we get the appropriate points of the plane moving along a line CM. 


ot 


Fig. 131 


It is readily seen that CM will not pass by the base of the cone, for 
this would mean that our view deviated from the cone, and it will not 
intersect the base, for this would mean that we were looking through 
the cone. Hence, CM is tangent to the circle of the cone base. The 
shadow has thus been fully defined: it is the curvilinear figure CKM, 
where CK is the second tangent line to the circle of the cone base. 

It now remains “merely” to prove this in rigorous fashion. No hazy 
statements like “seeing” the shadow and the like are admissible any 
more, they have played their intuitive part. - 

Now for the proof. Note first of all that if ON is drawn perpendicu- 
lar to the generatrix SM, then the plane passing through SM perpen- 
dicular to ON does not have any common points with the cone except 
those lying on SM. (This statement also has to be proved, but it is 
quite simple and is left to the reader.) For this reason, not a single 
straight line of this plane can have more than one common point 
with the cone. 

We construct the shadow of the vertex. Since SO||JA, through these 
lines it is possible to pass a vertical plane, and the shadow C of vertex 
S is the point of intersection of the lines JS and AO lying in this 
plane. Now draw from point C lines CK and CM tangent to the circle 
of the cone base. Then CM |. MO, CM_L SO and so the line CM -is 
perpendicular to the plane SOM. Therefore CM _| ON. But by const- 
riction ON is perpendicular to SM and, hence, it is perpendicular to 
the plane CSM. Thus, plane CSM is a plane of just the type that was: 
mentioned at the beginning of the proof. But then every ray emanating 
from point J and lying in this plane has exactly one common point 
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with the cone (provided of course that it is not parallel to SM; but 
such a ray does not interest us) and, consequently, the boundary of 
the shadow is determined precisely by these rays and is the line of 
intersection of the plane CSM with the P plane; that is, it coincides 
with the tangent line CM. The required statement is thus proved. 


K 


Fig. 132 p <f 
M 


Our problem has thus been reduced to one of plane geometry: to 
find the area of the figure CKM (Fig. 132). True, it is still necessary 
to find the distance CO, but this can easily be determined from the 
similarity of the triangles SCO and JCA. This is a simple task, and 
the desired area is found to be (3/3— x)/3 square metres. 

Some of the students stated that the boundary points K and M of 
the shadow are the endpoints of the diameter drawn perpendicular 
to the straight line AO. These students were not disturbed even by 
the fact that the tangents at the endpoints of the diameter would be 
parallel and, hence, could not pass through point C. 

6. A light source is placed at point M, at a distance 2h from the plane 
of the base of a cube with edge h and at a distance R (R> 3h) from the 
centre of the cube. Prove that the shadow cast by the cube on the plane of 
the base will have a maximum area when the plane passing through the 
centre of the cube, point M and-one of the vertices is perpendicular to the 
plane of the base. 


Fig. 133 


Let the cube be ABCDA ,B,C,D, (Fig. 133) and such-that edges AA, 
.BB,, CC,, DD, are perpendicular to the plane x.of the base ABCD 
and point O is the centre of the cube. It is then easy to imagine that 
all points M that satisfy the condition of the problem lie on a circle 
in a plane parallel to the m plane and distant 2h from the a plane. 
The centre of this circle lies on the perpendicular OO’ to the x plane. 
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_ The radius r of this circle can readily be computed: 
-VRr=Giy 3 . 
on sa ls ea (1) 


It is clear that if, as in the preceding problem, we draw from point 
M straight lines to all points of the cube, then the points of interse- 
ction of these lines with the x plane yield the shadow cast by the cube. 
To simplify subsequent computations we include in the shadow the 
square ABCD of the base. 

It is also quite obvious that for a practical construction of the 
shadow it is sufficient to draw lines joining point M and the vertices 
of the cube, to find their points of intersection with the a plane, and 
connect these points with straight lines. We will then have the outline | 
of the shadow. 

If we project on the x plane the circle on which M lies and also the 
cube, we get (Fig. 134)/a circle of radius r, inside which is the square 
ABCD with side h. : 

Take an arbitrary point K in the m plane and a point Ki on the 
perpendicular drawn trom K to the m plane at a distance h above the 


Fig. 134 Fig. 135 


m plane. It is then easy to demonstrate that if K. is the point of 
intersection of MK, with the a plane, then M,K,=2K™M, (Fig. 135). 
Now joining A,, Bi, Ci, D, to M and denoting the points of interse- 
ction of these lines with the x plane by Az, Bz, C2, Dz, we get the. 
equations A,M:=2AM,1, B:Mi=2BM,, C,.M,=2CM,, D.M=2DMi. 

From the foregoing arguments it is clear how the shadow is to be 
constructed and we can now pass from the spatial problem to the 
plane problem. Further note (Fig. 134) that because of symmetry we 
find it sufficient to consider the shadows only when point M, lies 
on arc LN (O,N | AB and points O,, A, L are collinear). 

Regarding shadows for various positions of point M, on arc 
LN, we assure ourselves that the point P of this arc (P lies on 
line DA) plays a special role. And so in the sequel we will have 
to consider two cases: (a) when point M, lies on arc PN, (b) when 
point M, lies on arc PL. 

(a) Let the point M, lieon the are PN (Fig. 134). We want to deter- 
mine for which position of the point M, theshadow will havea maxi- 
mum area. If M, does not coincide with P, then the shadow is the 
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hexagon AA,D,C,B,B (Fig. 136) in which, as can readily be shown, 
the sides B,C,=A2D2=C.D,=2h and, besides, A,D.||AD, B2C,|| BC, 
D.C,||DC. Joining points A, and B,, we find that our shadow con- 
sists of the square A,B,C,D, with side 2h and the trapezoid AA,B,B 
with bases A and 2h and altitude equal to the distance from M, to the 
line AB. This altitude will be a maximum at point N, that is, when 
the line M,0, is perpendicular to edge AB. 


Fig. 137 


This means that when M, moves along arc NP from N to P, the 
area of the shadow diminishes and becomes smallest when M, coinci- 
des with P. Then the shadow is the pentagon AD.C,B,B (Fig. 137), 
but its area can also be found as the area of the square A,B,C.D, 
with side 2h and trapezoid AA,B,B with bases A and 2h and altitude 
equal to the distance from P to AB. 

(b) Let us see how the area of the shadow will vary if point M, mo- 
ves along the arc PL. In this case, the shadow will also be a hexagon, 
but this time the hexagon ABB,C.D.D (Fig. 138). This shadow is 


Dy C, 


Fig. 138 4 


more conveniently considered thus: it consists of two right triangles 
(ABD with leg h and B.C,D, with leg 2h) and the trapezoid BB,.D.D 
with bases AY 2 and 2hV2 and altitude equal to the distance from M 1 
to BD. ; 

It is clear that the perpendiculars dropped from points of the arc 
PL on the line BD have different lengths, and it is easy to find that 
the largest occurs when M, coincides with L, 
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_ Thus, as M, moves along arc PL from P to L, the shadow increases’ 
and its area reaches a maximum when M, coincides with L. 

To summarize, at point P we have the smallest shadow; at points L 
of arc LP and N of arc PN the shadows are the largest for their arcs. 
To choose the largest of all possible shadows, it remains to compare 
the areas of these two shadows. 

Let us first compute the area of the shadow when M, coincides with 
N. Then the shadow consists of the square A,B.C,D, with area 4h? 
and the trapezoid AA .B,B with area equal to (3/2) h-NQ. Since NQ= 
=:r—(h/2), the area of the shadow is in this case equal to (13h? + 
+6 Ar)/4, te 

When point M, coincides with point L the shadow consists of the 
triangle ABD with area 1/2 h®, the triangle B.C,D, with area 2h? 
and the trapezoid BB,D,D with area 1/2 (BD+B,D.)LO,. Since 
LO,=r, BD=hV 2, B.D,=2hV 2, the area of the shadow in this 


case is 1/2 (5h?-+3V/2 hr). 
The inequality 


F _ . | 
24 3V Th > Sepa (2) 


is valid if the equivalent inequality r>(V2-+1) h/2 likewise holds 
true. This last inequality is apparently valid by virtue of (1) and so 
inequality (2) holds true as well. 

This means that the area of the shadow is a maximum when My 
coincides with L. To complete the proof, it only remains to note 
that the point L,. the centre O of the cube, and the vertex A lie in a 
plane that is perpendicular to the plane of the base. 

To solve this problem we needed six drawings instead of the usual 
single drawing. We could of course make do with a smaller number 
of drawings, but it is much better to have a fresh one for each stage 
in the solution, if even for the simple reason that too many lines accu- 
mulate in one drawing and it is hard to disentangle them. 


Exercises 


1. Given three pairwise skew lines not parallel to the same plane. Prove that 
there is a parallelepiped, the skew diagonals of three faces of which lie on the 
given straight lines. 

2. The square of the diagonal in a rectangular parehel P pet is known to be 
equal to the sum of the squares of the three dimensions. Does the converse theorem 
hold true? . 

3. We know that in any triangle the foot of at least one altitude lies on the 
side itself and not on its extension. Is it true that in any triangular pyramid the 
foot of at least one altitude lies on the face itself and not on its extension? 

4. Is it possible to cut an arbitrary tetrahedral angle with a plane so that 


the resulting section is a parallelogram? — 
5. Is it possible to construct, in a triangular pyramid, a cutting plane that 


intersects five edges of the pyramid? 


382 Ch. 3 Geometry 


tire 


6. Name the possible figures that result from cutting a regular tetrahedron 
with a plane. ; uy! Ks 
; 7, Is it possible to cut an arbitraty regular triangular pyramid with a plane 
so that the section obtained is: (a) a parallelogram, (b) a rhombus, (c) a rectangle? 

8. Determine the shape of the projection of a regular tetrahedron on a plane 
parallel to two nonadjacent edges. ; ; 

9. Find the shadow cast by acube on a plane perpendicular to a diagonal from 
a beam of rays parallel to that diagonal. 

10. Is it possible, in a wooden cube, to bore a hole large enough to pass a 
wooden cube equal to the original one? 

11. Fit a square with side a into an equilateral triangle of minimum dimen- 
sions. Find the side of the triangle. 

12. Place inside a square with side a an equilateral triangle of maximum di- 
mensions. Find the side of the triangle. 

13. Place a square of maximum dimensions inside a regular hexagon with side a, 
Find the side of the square. ; = 

14. Place a regular hexagon of maximum dimensions inside a square with 
side ‘a. Find the side of the hexagon. : 

15. Is it possible to cut a cube with a plane so that the resulting section is; 
(a) a square, (b) a pentagon, (c) a ‘hexagon, (d) a regular hexagon? 

16. A hemisphere is inscribed in a regular tetrahedron, the edge of which is 
equal to unity, so that three faces of the tetrahedron are tangent to its spherical 
surface, and the fourth serves as the plane of the diameter. Determine the total 
surface area of the hemisphere. ; 

17. In a triangular pyramid, two faces are right isosceles triangles whose 
hypotenuses adjoin and form a dihedral angle a. Determine the dihedral angle, 
in this pyramid, the edge of which is a leg of a right triangle. | 

18. The side of a regular tetrahedron is equal to a. Determine the radius of a 
sphere tangent to the lateral edges of the tetrahedron at the vertices of the base, 

19. The radius of a sphere is equal to R. From point A, distant J from the centre 
of the sphere, are drawn n tangents to the sphere so that all plane angles of the 
polyhedral angle at the vertex A are equal. Determine the distance between the 
points of tangency of two adjacent rays and the angle between the rays. 

20. Two mutually perpendicular generatrices of a right circular cone are 
known to divide the circle of the base into two arcs, one of which is half the other. 
Find the volume of the cone if its height is A. 

21. The edge of a cube is equal to a. A sphere with centre O intersects three 
edges (at their midpoints) converging at vertex A. A perpendicular is dropped 
from the point B of intersection of the sphere with one of the edges of the cube 
on a diagonal of the cube that passes through vertex A, the angle between the per- 
pendicular and the radius OB is divided in half by the edge of the cube. Find the 
radius of the sphere. tee 

22. The midpoint of the altitude of a right cone with generatrix J and ver- 
tex angle @ is taken as the centre of a sphere passing through the vertex. Deter- 
mine the radius of the circle resulting from the intersection of the surfaces of cone 
and sphere. 

23. The edges of a triangular pyramid issuing from vertex O are pairwise perpen- 
dicular and their lengths are equal to a, b, c. Find the volume of the cube inscribed 
in this pyramid such that one vertex coincides with vertex O. 

24. A regular pyramid whose base is a square with side a is rotated about a 
straight line passing through the vertex of the pyramid parallel to one of the 
sides of the base. Compute the volume’ of the. solid of revolution if the plane 
angle at the vertex of the pyramid is equal to a. . 

25. Three spheres touch the plane of triangle ABC at its vertices and touch 
each other in pairs. Find the radii of the spheres if we know the length ¢ of side 
AB and the adjoining angles A and B. 

26. Given an isosceles triangle ABC, AB=AC=b, and angle BAC=a. This 
triangle is revolved about an axis passing through the vertex A so that the 


3.7 Cutting polyhedrons with planes 383 . 


angle between the axis and the plane of the triangle is equal to B and the base 
of the triangle is perpendicular to the axis. Compute the volume of the solid 
obtained by revolving the triangle ABC. : 

27. Two equal cones have a common vertex and are tangent along a common 
generatrix. The angle of the axial section of the cone is equal to 2a. Find the 
dihedral angle between two planes, each of which touches both cones but does not 


pass through their common generatrix. 

28. Given an angle @ (@< 1/2) of the axial section of a right circular cone with 
vertex S and generatrix of length /. Through point A, taken on the base of the cone, 
is passed a plane P, which is perpendicular to the generatrix SA. Through the ver- 
tex of the cone is passed a plane Q, which is perpendicular to the plane of the 
axial section of the cone passing through SA. The Q plane forms with the generat- 
trix SA of the cone an angle B (B <a/2) and cuts the cone along two generatrices. 
Let the extensions of these generatrices intersect the P plane at two points: . 
C, and C,. Find the length of C,C,. . 

29. A sphere is tangent to all lateral edges of a regular right hexagonal prism 
whose base lies outside the sphere. Find the ratio of that portion of the area of the 
lateral surface of the prism which lies inside the sphere to the portion of the 
surface of the sphere that lies outside the prism. 


3.7 Cutting polyhedrons with planes 


One frequently encounters geometric problems in which a cutting 
plane is passed through a given polyhedron and it is required to 
compute, for instance, the area of the section or the ratio in which 
the cutting plane divides the volume of the polyhedron. 

Such a problem consists of two parts: the construction of the section 
and the computation of what is required. Each part involves certain 
difficulties. 

Without the first part, the second part cannot of course be solved. 
Ordinarily, once the geometric considerations involving construction 
of the required section are successfully overcome, the remainder of 
the problem is rather simple. Thus, the crucial part of problems invol- 
ving sections by planes does not lie in trigonometric computations 
or the solution of triangles but in the geometry in the proper sense. 
of the word. 

Experience has shown that students usually indicate the proper 
shape of the section and carry through the subsequent computations 
but find difficulty in substantiating the geometric aspect of the solu- 
tion. Some students do not even undertake to justify their actions 
and take too much for granted. Naturally, in such cases the problem 
cannot be considered solved. It will not be amiss then to stress once 
again that in problem solving the student should justify his every 
step and. not leave anything in the form of “quite obvious”. 

We give here a rather general method for constructing sections of 
polyhedrons. To construct a section means to indicate the points of 
intersection of the cutting plane with the edges of the polyhedron (in 
some cases, these points may turn out to-be the vertices of the polyhed- 
ron) and to join these points with straight lines lying in the faces. 
To do this, it suffices to indicate, in the plane of the face of the 
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polyhedron, two points belonging to the section and connect them 
with a straight line and find the points of intersection of this line 
with the edges of the polyhedron. . 

This is a very natural construction but it is not always made suf- 
ficient use of because it is frequently hard to find two points of a 
section that lie in the face itself. Yet we would be quite satisfied with 
two points of the section lying in the plane of the face (not necessarily 
in the face itself), and this can often be done with relative ease. As a 
rule, however, one has to get outside the polyhedron. This is where 
the student balks. He dislikes additional constructions outside the 
polyhedron he is working with. 

In some problems, such additional constructions are unavoidable. 
What is more, they permit carrying through the requisite proofs and 
computations with relative ease. 


The following concrete problems will illustrate how this method 
of constructing sections may be applied. 


1. Given a cube ABCDA,B,C,D,, where AA;, BBi, CC,, DD, are 
lateral edges. Find the area of a section of the cube cut by a plane passing 


through the vertex A and the midpoints of the edges B,C, and C,D,. 


The cube has edge equal to |. 


First construct the section. Let points K and L be the midpoints 
of edges D,C, and B,C, (Fig. 139). KL lies in the plane of face 
A,B,C,D, and so it intersects the extensions of edges A,B, and A,D; 


at points F and E; it is easy to compute that BF = + ABs a4 A,F 
and DE=4ADi=% AE, 


Fig. 139 


Points A and F lie in the plane of face AA,B,B and so AF inter- 
sects edge BB, at some point M. Considering the triangles AA,F 
and MB,F, we see that they are similar. From their similarity fol- 


lows MB,= + AA,. Noting that 4A,=BB,, we finally get that point 


M divides the edge BB, in the ratio 2 to 1. 


Points A and E lie in the plane of face ADD,A, and so AE inter- 


sects edge DD, at point N. As before, it can be shown that N divides 
edge DD, in the ratio 2 to 1, 
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The section has thus been constructed. It passes through vertex A, 
the midpoints of the edges B,C, and C,D, and through the points 
that divide the edges BB, and DD, in the ratio 2: 1. It constitutes a 
pentagon, AMLKN. 

Let us compute the area of the pentagon, which is obtained from 
the triangle AEF by discarding two congruent triangles EKN and 
FLM. From the foregoing construction it is easy to obtain the lengths 
of the sides of these triangles and to compute their areas. The final 
answer is: the area of the section is equal to 7V 17/24. 

Another approach-is this. Consider the pentagon AMLKN as com- 
posed of the triangle AMN and the quadrangle KLMN. Then it is 
necessary to demonstrate that KLMN is a trapezoid. 

Both approaches require considerable computations, but these do 
not involve any fundamental difficulties. Actually, however, we can 
dispense with cumbersome computations if we take advantage of the 
formula for the area of a trapezoid (see Sec. 3.4). The projection of 
the pentagon AMLKN on the bottom base of the cube will obviously 
be the pentagon A BL, KD whose area is equal to 7/8 and from AAQQi 

_it is easy to find cos(7.QAQ,)=3/) 17. But the most important thing 
remains, that is, to prove that 2 QAQ, is precisely the angle between 
the cutting plane and the bottom face of the cube.. 

2. Given a cube ABCDA,B,C,D,, where AA;, BB,, CC, DD, are la- 
teral edges. In what ratio does a plane passing through the vertex A, the 
midpoint of edge BC and the centre of face DCC,D, divide the volume 
of the cube? 

Let K be the midpoint of the edge BC (Fig. 140). Since A and K 
lie in the plane of the bottom face, AK cuts the extension of edge 


Fig. 140 


DC at a certain point O. We consider the triangles ABK and KCO 
and are assured that they are equal, but then CO=AB =DC and DO= 
=2DC. 

Let point M be the centre of face DCC,D,. Points M and 0 lie in 
the plane of face DCC,D, and so MO cuts edges C,C and D,D at 


points L and N. Thus, the section is in the shape of a quadrangle, 
AKLN. 


25—-3480 
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Dropping a perpendicular from M on DC, we find that the foot 
point E—is the midpoint of edge DC. We consider triangles DNO 
EMO and CLO, From the similarity of these triangles it follows that 
CL=2/3 ME and DN=4/3 ME, Taking into account that ME — 
=1/2 CC,=1/2 DD,, we get that DN=2/3 DD, and CL=1/3 CC,. 

We have thus determined the positions of all the points of interse. 
ction of the plane of the section with the edges of the cube. 

We now determine in what ratio the cutting plane divides the vo. 
lume of the cube. Denoting the length of the edge of the cube by q 
we compute the volume of the polyhedron beneath the cutting plane. 

It will be noted that this polyhedron is obtained from the triangu- 
lar pyramid NADO (with vertex N) by discarding the pyramid LKCO 
(with vertex L). The volumes of these pyramids can readily be deter. 
mined since ND and LC—their altitudes—have already been com- 
puted. We find that the volume of polyhedron ADCKNL is equal to 
7a°/36 and so the cutting plane divides the volume of the cube in the 
ratio 7: 29. 

Most students at an examination made the section differently b 
employing an intuitive, purely geometric, image. They placed points 
N and L at random on the appropriate edges. 

Those who possessed a good geometric imagination and visualized 
that point L lies below the midpoint of edge CC, were able to construct 
a correct drawing and notice (and then prove, of course) that the part 
of the cube under the cutting plane is a truncated pyramid (frustum) 
lying on its side with bases AND and KLC. The other students who 

placed L above the midpoint-of edge CC, obtained a distorted drawing 
and naturally were unable even to begin computations. 

Yet the earlier described standard method permitted us automati- 
cally to construct the required section and indicate the positions of 
the points of intersection of the cutting plane with the edges of the 
cube and to carry out the necessary computations in a simple man- 
ner. 

3. Given a regular quadrangular pyramid SABCD with vertex S. 
A plane is drawn through the midpoints of the edges AB, AD and CS, 
In what ratio does the plane divide the volume of the pyramid? 

Let points K and F be the midpoints of edges AB and AD (Fig. 
141). Joining them with a straight line, we see that it cuts the exten- 
sions of the edges CB and CD at points M and E. Comparing triang- 
les BKM, AKF and DEF, we get MB=1/2 BC and ED=1/2 DC, 

Let point N be the midpoint of edge CS, Points N and M lie in the 
plane of face SBC and so MN cuts edge BS at some point L. 

Now let us determine the ratio in which L divides the edge SB. - 
To facilitate computations, it is useful to construct an auxiliary plane- 
geometry drawing by taking out the plane of face SBC into Fig. 142. 
Drawing the midline VQ in the triangle CBS, we get two equal triang- 
Jes NQL and LBM, from which we find that BL=1/2 BQ=1/4 BS, 
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In similar fashion it is shown that DP=1/4 SD, where P is the 


point of intersection of line EN with edge SD. 
We have thus constructed the needed section. The cutting plane 


intersects the pyramid along the pentagon LKFPN. 


Fig. 141 


This plane divides our pyramid into two polyhedrons such that we 
are not able to compute their volumes directly. To compute the volume 
of at least one of these polyhedrons requires additional constructions 
and the consideration of several pyramids. 


But from Fig. 141 we can see that the volume of the polyhedron 
lane is equal to the volume of 


CDFKBLNP lying under the cutting p 
the triangular pyramid NECM minus the volume of two triangular’ 
pyramids LKBM and PEDF. Let us compute the volumes of these 


pyramids. 
Let the altitude of the pyramid SABCD be equal to H and the edge 
of the base be equal to a. Then the volume V=1/3 a*H. Since N is 
dropped from this point 


the midpoint of edge CS, the perpendicular 
1 to 1/2 H. It is just as easy to show that 


on the plane ABCD is equa 
from points L and P on the plane ABCD 


the perpendiculars dropped I 
are equal to 1/4 H. The areas of the bases of these pyramids are rea- 


dily computed: they are equal to 9a*/8, a*/8 and a?/8, respectively. 
The volume of our polyhedron CDFKBLNP is now : 

9 eH Vv 
Viggel —2 95 =F 


Hence, the cutting plane divides the volume of the pyramid in the 


ape’ of the 
plying the method under consideration because 

tained is a pentagon, NLKFP. 
e would not have found 
of the polyhedron 


ratio 1:1. : 
In this problem, it is rathef easy to determine the sh 


section. without ap 
it is, quite clear that the section ob 


If we had not gone outside the pyramid, w 
such an elegant method for computing the volume 
lying under the cutting plane. aod 

Many students attempted to find the volume by splitting up the 
polyhedron CDFKBLNP into pyramids. But this requires excellent 
geometric visualization, something quite beyond what is needed for 
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the solution that we gave. Moreover, this method involves extraordi- 

narily cumbersome computations, whereas in the above solution they 
re simple. 

al 4. The sides of the bases of a regular hexagonal frustum of a pyramid 

are equal to aand 8a. The distance between two parallel edges lying in the 


Fig. 143 


planes of the different bases and in distinct lateral faces is equal to b. 
Compute the area of the section of the pyramid made by a plane passing 
through the indicated parallel edges. 

Pass thecutting plane through the parallel edges AB and D,E, (Fig, 
143). To construct the section, find the points K and L of intersection 
of line AB with the extensions of edges EF and DC. Since points K 
and £, lie in the plane of the lateral face EFF,E,, then KE, cuts 
the edge FF, at some point M. The line LD, lies in the plane of the 
lateral face CDD,C, and intersects the edge CC, at some point NV. 

Thus, the shape of the section has been found to be a hexagon, 
ABND,E\M. . 

For subsequent computations note that AKF and BLC are equila- 
teral triangles with side equal to 3a, whence, for one thing, it follows 
that KF=LC=3a, 

To facilitate computations, it is useful to construct auxiliary plane 
drawings. Depicting the plane of the face EE,F,F in Fig. 144 and 


Aa £, 


- Fig. 144 


a F Ja E 


comparing the similar triangles ME,F, and MKF, we find that the 
point M divides the edge F,F in the ratio 1 : 3. It can be shown simi- 
larly that N divides edge C,C in the ratio 1:3 as well. Besides, it 
then follows that E.M: MK=1:3 and DiN: NL=1: 38, 
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Depict the plane of the section in Fig. 145. Our hexagon ABND,E\M 
is obtained from the trapezoid KLD,E, by discarding two equal tri- 
angles KAM and LBN, Since KL=9a, E,D,=a, and the altitude of 
the trapezoid, which is the distance between the lines AB and E,Dy, 
is equal to b, the area of the trapezoid is 5ab. Since M divides E,K 
in the ratio 1 : 3, the altitude of the triangle KMA dropped from M 


£2, 


Fig. 145 


* A 3a 8 L 


on AK is equal to 3/4 6. (We may note in passing that MA and NB 
are perpendicular to KL.) For this reason the area of triangle AKM 
is equal to 9ab/8. 

The area of the section is now easily found to be I1ab/4. 

There are problems in which the cutting plane is given by three 
points lying on the edges (or on their extensions) of the’ polyhedron 
under consideration, and nevertheless, the formal execution of the 
foregoing method of constructing a section fails. 

This occurs when the straight line connecting the two given points 
of the section turns out to be parallel to an edge of the polyhedron. 

In such cases, use the theorem that if two planes are parallel to a. 
straight line, then the line of their intersection is also parallel to this 
line. 

5. In a regular quadrangular pyramid SABCD all lateral faces are 
equilateral triangles with side equal to 1 metre. A point K is taken on 
the extension of edge AS beyond point A so that AK= 1/2 metre, A plane 


Fig. 146 


is drawn through K and the midpoints of the edges BC and AD. Find 


the area of the resulting section. 
Let E be the midpoint of the edge AD and F the midpoint of edge 


BC (Fig. 146). Since the points K and £ lie in the plane of the face ADS, 
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the line KE cuts edge DS at point N. Drawing AP||DS and conside- 
ring the similar triangles KAP and KSN, we find that AP=1/3 SN. 
Noting that AP=DN, we see that N divides edge SD in the ratio 3 : 1. 

We now need another point (other than the given point F) of any 
lateral face. We can only do this with the aid of the theorem stated 
above. Since EF || CD, the plane of the section is parallel to edge 
CD, and taking into account that edge CD lies in the face CDS, we 
find that the plane of the section cuts face CDS along the line MN 
parallel to edge CD. 

The section thus constructed is the trapezoid EFMN. Now let us 
find the area. Since SV=3/4 DS and since A DSC is similar to (MNS, 
_ then SN=38/4 metre. Considering A. DNE and using the cosine law, 

we find that NE=)3/4 metre. Similarly we find FM=/3/4 metre. 
Now with all the sides of the trapezoid EFMN, we find the area: 
7V 11/64 square metres. | 

6. The altitude of a right prism is 1, the base is a rhombus with side 
2 and acute angle 30°. A plane is passed through a side of the base cut- 
ting the prism at an angle of 60° to the plane of the base. Find the 
area of the section. ° . 

Here again we have to take advantage of the theorem on the inter- 
section of planes parallel to a line. Some students gave this “solution” 
to the problem. “Let the cutting plane pass through edge AB of the 
prism ABCDA,B,C,D,, then it cuts the plane of the face DCC,D, 
along MN (Fig. 147). Dropping a perpendicular from M on AB, we 
get the right triangles ADK and MKD because by the theorem on 


Fig. 147 


three perpendiculars, KD1.AB. From A ADK we have Dk=1., 
Since AB_|.KD and AB KM, angle MKD is the plane angle of 
the dihedral angle between the plane of the base and the cutting plane, 
that is 2 MKD=60°. From A MKD we find MK=2. Since MK is the 
altitude of the parallelogram AMNB, its area is 4. Hence, the area 
‘of the section is 4.” 
Everything is correct in this solution except the last phrase to the 
effect that the section is the parallelogram AMNB. Actually, in the 
' foregoing solution the section was not constructed because that requi- 
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res knowing the exact positions of the points M and N on the edges 
DD, and CC,. But this was not done. To solve this problem properly 
we first have to determine the position of M. Reasoning as above, we 
find from A KMD that MD=Y 3. It turns out that MD is longer than 
edge DD,, which means our drawing (Fig. 147) is faulty and we have 
to make another drawing, in which M lies above point D, (Fig. 148).* 
Joining A and M and B and N, we find that the cutting plane also 
intersects face A,B,C,D, along the line QP||AB. Hence, the section 
is the parallelogram ABPQ. We find the altitude by drawing MK_L. 
AB and from point Q, (the point of intersection of the lines MK 
and QP) dropping a perpendicular on KD. From the right triangle 
Q,KL, in which LQ:=1 and Z2Q:KL=60°, we find KQ=2/V3. 
The desired area of the section is now easily found to be 4/V'3. 

In the preceding problems we have always had two points of the 
desired section in the plane of at least one face of the polyhedron. Know- 
ing these points, we found one or two more points lying on the edges 
and, hence, in other faces. We now also have two points of the section 
in the plane of a new face, etc., 

However, this does not occur in all problems by far. It often hap- 
pens that one of the points defining the section lies inside the polyhed- 
ron or all points are specified in different faces. In such problems, 
it is first necessary to make additional constructions. Ordinarily, an 
auxiliary plane is drawn containing some line from the plane of the 
section and some line lying in the plane of one of-the faces of the 
polyhedron. Then in the auxiliary plane we seek the point of intersec- 
tion of these lines and thus find yet another point (of the section) 
lying in the plane of a face. The subsequent construction then fol- 
lows the scheme given above. 

7. Given a cube ABCDA,B,C,D,, where AA, BB,; CCi, DD, are 
lateral edges. In whal ratio is edge B,C, divided by the point E, which 
belongs to the plane passing through vertex A and the centres of the faces 
A,B,C,D, and B,C,CB? 

In this problem, no three points of the section lie in the same . 
face of the cube. 

Let the points S and R be the centres of the faces BCC,B, and 
A,B,C:D, (Fig. 149). Through these two points draw a plane @ per- 
pendicular to the edge B,C,. This plane obviously cuts out of the 
cube a square NLMQ whose vertices are the midpoints of the corres- 
ponding edges of the cube. 

Since the points R and S lie in this plane, the eritire line RS also 
does. But then RS cuts MQ at some point 0. Then A RNS =A 09S, 
whence it follows that OQ is equal to half an edge of the cube. 


of MD we did not make use of the condition 


* Since in determining the length 
t D,, the length of MD can be computed by 


that point M lies above or below poin 
using either Fig. 147 or Fig. 148. 
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We now have two points of the section in the plane of face ABCD: A 
and O. The line AO intersects edge BC in some point K. From the 
similarity of the triangles ABK and KQO we get BK=2QK. Since 
BQ is equal to orle half edge BC, we then get BK=1/3 BC, 


Fig, 149 


The line KS lies in the plane of the face BCC,B, and cuts edge B,C, 
at point E. This is the point mentioned in the statement of the prob- 
lem. Since S is the centre of square BCC,B,, then EC\=BK=1/3 
« B,C, and point E divides edge B,C, in the ratio 2: 1. 

Many students solved this problem on the basis of purely geometric 
intuition. Placing & at random closer to vertex C, or to vertex Bi, 
they obtained either Fig. 150 or Fig, -151 (E cannot lie exactly at the 
midpoint of B,C, for then the plane passing through E, S and R 
would be parallel to the plane of the face ABB,A, and would not pass 
through point A). 

It is intuitively clear that the quadrangle AKEL in Fig. 151 is 
not plane, but to prove that this drawing is impossible is no easy job. 
Yet a few students were only able to picture this drawing (Fig. 151) 
and precisely for this reason were unable to solve the problem. 


Fig. 150 


Let us reason by using both drawings at the same time. This will 
_ yield a rigorous solution and at the same time wiil convince us that 

Fig. 150 is correct. 

The cutting plane mentioned in the statement of the problem—de- 
note it by B—passes through the vertex A and the centres R and S 
of the faces A,B,C\D, and B,C,CB and, hence, is defined uniquely. 
The line / along which the B plane intersects face A,B,C,D,-cannot 
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be parallel to edge A,D, because otherwise the B plane would not be 
intersected by face B,C,CB and could not, therefore, pass through 
point S. Hence, the straight line / intersects A,D,, that is, the 6 
plane intersects this line and so also the parallel straight lines B,C; 
and BC. Thus, the B plane cuts the edges A,D., B,C, BC of the cube 
(or their extensions). Denote the corresponding points of intersection 
by L, E, K. 

The quadrangle ALEX is plane (all four vertices lie in the B plane); 
AL || KE and AK || LE, as the lines of intersection of a pair of paral- 
lel planes by a third one. Consequently, ALEK is a parallelogram. 
We have thus established the shape of the section. 

In the plane of face B,C,CB draw KK, | B,C,. Since A K\KE= 
= /\A,AL, then K,E=A,L. Since R and S are the centres of the faces, 
it follows that EC,=BK and EC,=A,L. Besides, it is clear’ that 
BK=B,K,, whence B,Ky=K,E=EC. 

It is now clear that the points B,, Ky, E, C are located precisely as 
ta in Fig. 150, and Fig. 151 is impossible because there B,K >> 
> Kye. 

We thus automatically have the solution: ByE : EC,=2. 

8. Given a regular triangular prism ABCA,B,C, with lateral edges 


AA,,BB, and CC,. Let the point P divide the axis OO, of the prism in- 


the ratio 5: 1. Draw a plane through P and the midpoints of edges 
AB ae A,C,. In what ratio does this plane divide the volume of the 
prism 

Let E and N be the midpoints of the edges AiC, and AB (Fig. 152). 
To construct the section, we find another point lying in the same face 


Fig. 152 


as N, for example, the point of intersection of EP and face ABB,A,. 
It isclear that this line lies, in particular, in the a plane passing thro- 
ugh F, O,; and P, Line EO, and hence point B, lie in this plane. 
Since PO, and BB, are parallel and since PO, lies in the a plane, 
then so also does BB,. Hence, the line EP cuts the edge BB, at some 
point D. Since the triangles EDB, and PEO, are similar and since 
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E0,=1/3 ByE, PO,=1/6 BBy,, it follows that DB,;=1/2 BB,. We have 
thus found another point of the section, the midpoint of edge BB,. 
From here on, the reasoning is similar to that of the preceding prob- 
lems. 
Since the points N and D (Fig. 153) lie in the plane of face ABB,A,, 
then, by drawing ND, we find that it cuts the extensions of edges 
Oy 


A,B, and A,A at points M and L. 
It can easily be shown that the 
point L is distant from A by 
half of edge AA,, and M is di- 
stant from B, by half of edge 
A,B. 

Joining point E to M and L, 
we get K and F, which finally 
determine the desired  sec- 
tion, which is the pentagon 
EKDNF. 

From the similarity of the tri- 

angles ALF and A,LE we get 
AF=1/6 AC. To determine B,K 
we can reason as in Problem 3 
“L to get B,K = 1/4 B,Cy. Thus 
the positions of the points E, K, D, N, F are fully defined. 
_ Let us compute the volume of the polyhedron A;EKB,DNAF, 
denoting the lateral edge of the prism by A and the area of its base 
by s. This polyhedron is obtained from the pyramid LA,EM (La 
vertex) by discarding the pyramids LAFN and DB,KM (L and D 
vertices), 

A simple calculation shows that the volume of our polyhedron is 
equal to 49hs/144, whence it follows that the cutting plane divides 
the volume of the prism in the ratio 49 : 95. 

It sometimes happens that the cutting plane is given not by three 
points but by other conditions, say, one point and the conditions 
that the cutting plane is parallel to some plane, or by a point and the 
condition that the cutting plane is parallel to two skew lines. In such 
problems, one has to use these conditions to find some points lying in 
the planes of the faces and then continue the solution by the standard 
method described earlier. 

9. Given in a rectangular parallelepiped ABCDA,B,C,D, (ABCD 
and A,B,C,D, are bases, AA,|| BB,|| CC,||DD,) the lengths of edges 
AB=a, AD=b, AA,=c. Let O be the centre of base ABCD, O, the centre 
of base A,B,C,D,, and S a point that divides the line segment 0,0 in 
the ratio 1:3, that is, O:S : SO = 1: 3. Find the area of the section 
of the given parallelepiped by a plane passing through point S parallel 
to the diagonal AC, of the parallelepiped and to the diagonal BD of ' 
its base ABCD, 


Fig. 153 
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Since S lies in the diagonal plane BDD,B,, the cutting plane paral- 
_ lel to the diagonal BD intersects this plane along EF, which is paral- 
lel to BD (Fig. 154). It is then quite clear that D,\E=1/4 D,D=c/4 
and BiF=c/4. Thus, using the condition of parallelism of the cutting 
plane to the diagonal BD, we have found two points of the section 
that lie on the edges of the parallelepiped. 
Now let us take advantage of the second condition: that the cutting 
plane is parallel to the diagonal AC,. S also lies in the diagonal plane 


Fig, 154 


D A 

ACC,A, and so the cutting plane intersects this plane along the. 
straight line MN, which is parallel to the diagonal AC. Let point Q be 
the midpoint of the diagonal AC,. Since the line OO, lies in the plane 
ACC,A,, it is clear.that SQ=1/4 0,0=1/4 AA,=c/4. Since MN |I 
|| AC,, AM || SQ -and NC,| SQ, we get MA = NC\= SQ = c/A. 
We have thus found four points which belong to the section and lie 
Hae on the edges of the parallelepiped or on the extensions of these 
ines. - 

Points £ and N lie in the plane of face DCC,D, and so EN intersects 
edge D,C, at some point L. Since ED,= NC,, it is clear that L is 
the midpoint of edge D,C, and, besides, EL = LN. We similarly 
find that FN intersects edge B,C, at its midpoint, K, and that KV = 
= KF, 

The section is now completely defined; it is the pentagon MFKLE. 
To find the area, note that the pentagon is obtained from the quadrangle - 
MFNE by discarding the triangle KNL. The quadrangle MFNE is 
a parallelogram because ME || FN and MF || EN (the cutting plane 
cuts parallel planes along parallel lines) and so the area is equal to 
two areas of triangle MFE. 

Noting that LV=1/2 EN and KN=1/2 FN, we find the area of 
the triangle LNK to be equal to a quarter of the area of triangle EFN 
or a quarter of the area of the equivalent triangle MFE. This means that 
the area of the section is equal to 7/4 the area of the triangle MFE. 
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Now let us find the area S of the triangle MFE. It is easy to see that 
EF =DB=V@+b, MF =Va+C/4), ME=VPL (CM. 
By Hero’s formula, after some manipulations, we find the area of tri- 
angle MFE. We then immediately get the area of the section: 
% V 40®b? ac? b7C?. 

To summarize: in all the problems considered above the standard 
method permitted constructing the section almost automatically, 
and the additional constructions exterior to the polyhedron made 
it possible to carry out the necessary computations very simply. 

Also, it is well to note that supplementary constructions exterior 
to a given polyhedron can be successfully applied in the solution of 


other problems as well (see, for instance, Problem 4 of Sec. 3.5 and 
Problem 2 of Sec. 3.6). 


Exercises 


1. A regular quadrangular pyramid with base side a and dihedral angle at the 
base equal to 2a is cut by a plane that bisects the dihedral angle at the base. 
Find the area of the section. 

2, The plane angle at the vertex of a regular triangular pyramid is equal to 2a. 
Find the area of the section of the pyramid by a plane passing through one of the 
sides of the base perpendicular to the opposite lateral edge. The pyramid has base 
side equal to a. 

3. Given a regular quadrangular pyramid. Through a side of the base is pas- 
sed a plane perpendicular to the opposite lateral face. Compute the urea of the sec- 
tion if the side of the base of the pyramid is equal to a and the dihedral angle at 
the base is a. 

4. Find the ratio of the volumes of two solids obtained in passing a plane 
through a regular quadrangular pyramid so that it passes through the midpoints 
of two adjacent sides of the base perpendicular to the base. 

5. In a-regular quadrangular pyramid, the plane passing through a side of the 
base and the midline of the opposite lateral face forms with the base an angle 
of 60°. Find the volume of the pyramid if the base has side a. 

6. A regular triangular pyramid is cut by a plane parallel to the base so that 
the lateral surface is cut in half. In what ratio is the altitude divided? 

7. A regular triangular pyramid has altitude & and lateral edge /. Find the 
area of a section that is parallel to the base and distant a from it. 

8. A regular quadrangular pyramid is cut by a plane parallel to the base. 
In what ratio is the volume of the pyramid divided if the area of the section is one 
third the area of the base? » 

9. In a regular quadrangular pyramid, a plane is passed through a vertex of the 
base perpendicular to the opposite lateral edge. Determine the area of the section if 
the edge at the base is equal to 1 and the lateral edge is 2. 

10. A plane is drawn through one of the sides of the base of a regular right 
' triangular prism at an angle a to the base and cuts from the prism a pyramid of 
volume V. Determine the area of the section. 

11. In a regular quadrangular pyramid PABCD with vertex P and side of the 
base equal to a, the angle of inclination of a lateral face to the base is equal to g. 
Through this pyramid is passed a cutting plane that bisects the dihedral angle at 

: edge CD. Find the length of the line segment along which this plane intersects face 

12. The bottom base ABCD of a right prism ABCDA,B,C,D, (where AA, BB,, 

CC, DD, are lateral edges) is a rhombus with acute angle @. A sphere of diameter d 
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can be inscribed in this prism so as to be internally tangent to all faces. Find the 
area of the section of the prism cut by a plane passing through edges BC and A,D,. 
_ 13. Given a regular quadrangular pyramid. Another pyramid is cut from this 
one by a plane passing through edge AB of the base. The ratio of the lateral sur- 
faces of these pyramids is equal to two. Determine the ratio of the area of the 
triangle cut, by the indicated section, from the face opposite edge AB to the area 
of this face. 

14. Given a right prism with an equilateral triangle for the base. A plane is 
drawn through one of the sides of the bottom base and the opposite vertex of the 
top base. The angle between this plane and the base of the prism is equal to a, 
the area of the section of the prism is equal to S. Determine the volume of the prism. 

15. Given a regular triangular prism ABCA‘’B’C’ with lateral edges AA’, BB’ 
and CC’. Take on the extension of edge BA a point M so that MA=AB (MB= 
=2AB). A plane is drawn through M, B’, and the midpoint of edge AC. In 
what ratio does this plane divide the volume of the prism? . 

16. Given a cube ABCDA’B'C'D’ with lateral edges AA’, BB’, CC’, DD’. On 
the extensions of the edges AB, AA’, AD are laid off, respectively, line segments BP, 
A’Q, DR of length 1.5 AB (AP=AQ=AR=2.5 AB). A plane is drawn through points 
P, Q and R. In what ratio does this plane divide the volume of the cube? 

17. The base of a regular quadrangular pyramid is a square with side a. The 
altitude of the pyramid is equal to the diagonal of the square. The pyramid. is 
cut by a plane parallel to the altitude and to two opposite sides of the tice Find 
the perimeter of the resulting section if it is known that a circle can be inscri- 
bed in the section. 

18. A plane is drawn through the midpoint of a diagonal of a cube perpendi- 
cular to the diagonal. Determine the area of the figure resulting from the section of 
the cube cut by this plane if the edge of the cube is equal to a. : 

19. Through the edge of the base of a regular quadrangular pyramid is drawn a 
plane which cuts from the opposite face a triangle of area a®. Find the lateral surface 
area of a pyramid that is cut out of the given pyramid by the given plane if the 
lateral surface area of the original pyramid is equal to 6°. . 

20. In a regular triangular pyramid SABC, a plane passing through the side AC 
of the base perpendicular to the edge SB cuts out a pyramid DABC whose volume is 
1.5 times less than that of the pyramid SABC. Hind the lateral surface area of 
the pyramid SABC if AC=a. 

21. In a regular quadrangular pyramid SABCD, a plane drawn through side AD 
of the base perpendicular to face BSC divides this face into two parts of equal 
area. Find the total surface area of the pyramid if AD=a, 

22. In a regular triangular pyramid SABC with vertex S and volume V, a 
plane is drawn ee to the median of the base BN and intersects the lateral 
edge SA at K, the lateral edge SB at L, and SK=1/2 SA, SL=1/3 SB. Find the 
volume of that part of the pyramid which Iles beneath this plane. 

23. A plane cuts off from the lateral edges SA, SB and SC of a regular quadran- 
gular pyramid SABCD with vertex S line segments SK=2/3 SA, SL=1/2 SB, 
SM=1/3 SC, respectively. The length of a lateral edge of the pyramid is equal to a 
Find the length of line segment SN cut off by this plane on edge SD. . 

24. In a regular quadrangular pyramid SABCD with vertex S and altitude A, 
a plane is passed through the centre of the base parallel to face SAB. The area of the 
resulting section is equal to the area of the base. Find the volume of that part of 
the pyramid which lies under the plane. : 

25. In a regular hexagonal pyramid, a side of the base is a and the altitude 
is h. Compute the area of a section passing through the midpoints of two nonadja- 
cent and nonparallel sides of the base and through the midpoint of the altitude of 
the pyramid. 

26. The area of a section drawn through a diagonal of the base of a regular qu- 
adrangular pyramid parallel to the lateral edge that does not intersect this dia- 
gonal is equal to S. Find the area of the section passing through the midpoints 
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of two adjacent sides of the base and the midpoint of the altitude of the pyra- 
mid. . ; 

27. The area of a lateral face of a regular hexagonal pyramid is equal to S, 
Compute the area of the section passing through the midpoint of the altitude of the 
pyramid parallel to a lateral edge. 

28. The angle between a lateral edge and the plane of the base of a regular 
triangular pyramid SABC with vertex S is equal to 60°. A plane is drawn through 
point A perpendicular to the bisector of angle S of triangle BSC. In what ratio 
dees the line of intersection of this plane with the plane BSC divide the area of 
the face BSC? 

29. A plane is drawn through a side of the base of a regular quadrangular py- 
ramid perpendicular to the opposite face. Find the area of the resulting section if 
the altitude of the pyramid is equal to A and the ratio of the lateral surface area 
to the area of the base is equal to V3, 

30. In_a triangular pyramid SABC with vertex S, SA=SC, SB=2AC, AB= 
==BC=1.5 AC. A plane is drawn through AC and the midpoint D of edge SB. The 
total surface area of the pyramid SADC is greater than the total area of pyramid 
DABC by a quantity equal to the area of the base of the pyramid SABC. Determine 
the angle of inclination of face ASC to the plane of the base of the pyramid 
SABC. ‘ 


31. In a regular triangular pyramid SABC with vertex S, base side a, and 
plane angles at the vertex equal to 30°, a plane is drawn through point A and 
the midpoint of edge SB. The plane divides the pyramid into two equal parts. Find 
the line segments into-which the plane divides the altitude of the pyramid. 

32. In a regular quadrangular pyramid SABCD with vertex S, a cutting plane 
P is passed parallel to side AB (through the point of tangency of an inscribed 
sphere) parallel to face SAB and through the point of this sphere that is closest to 
the vertex S. Find the area of the section of the pyramid cut by the P plane, provided 
AB=1, SA=Y 5/2. ' 

33. Inscribed in a regular quadrangular pyramid SABCD with vertex S and 
base side dY'3 is a sphere with radius d/2. The P plane, which forms an angle of 
30° with the plane of the base, is tangent to the sphere and cuts the base of the 
pyramid along a line parallel to the side AB (the point of tangency of the P plane 
and the sphere lies below the centre of the sphere). Find the area of the section of 
the pyramid cut by the P plane.- 

34. The base of a right prism ABCA,B,C, is an isosceles right triangle ABC 
with legs AB== BC=1 decimetre. A plane is drawn through the midpoints of 
the edges AB and BC and through point P lying on the extension of edge B,B 
(beyond B). Find the area of the resulting section if BP=1/2 decimetre and B, B= 
=1 decimetre. : 

35. Given a cube ABCDA,B,C,D, with edge equal to 1 decimetre. A point P 
is taken on the extension of edge D,D, beyond D, such that DP=1/2 decimetre. 


A plane is drawn through P and the midpoints of edges AA, and CC,. Find the area 
of the resulting section. , 


3.8 Combinations of solids 


A common problem in solid geometry is one that involves combina- 
tions of solids. To solve a problem of this kind, one has to give care- 
ful thought to the mutual positions of the solids in space, make aneat 
drawing, and prove all the assertions. 

Most drawing difficulties have to do with cases where one of the 
solids is a sphere. It often happens that there is no need to actually 
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depict the sphere, it being sufficient to indicate the centre and the 
points of tangency with various planes and straight lines. 
"When solving problems involving combinations of solids, it is very 
useful to make auxiliary plane drawings and to extract plane con- 
figurations which are distorted by spatial perspective. 

Let us consider in more detail a case combining a pyramid and a 
sphere. We first examine the configuration consisting of the pyramid 
and an inscribed sphere. 

Definition. A sphere is termed inscribed in an (arbitrary) pyramid 
if it is tangent to all faces of the pyramid (both lateral and base). 

Thus, the centre O of an inscribed sphere (Fig. 155) is a point equi- 
distant from all faces of the pyramid. This means that if from the centre 


é 


Fig. 155 


of the inscribed sphere we drop perpendiculars OA, OB, OC, «+. 
on the faces of the pyramid, then all these perpendiculars will be of the 
same length. The points A, B, C, . . — the feet of these perpendicu- 
lars—are the points of tangency of the inscribed sphere with the faces 
of the pyramid, 

Also note that if from points A and B we drop perpendiculars to 
edge MN, then one and the same point will serve as the foot of all 
the perpendiculars. Indeed, the line segment OB is perpendicular to 
the plane of the base and so OB | MN (see Sec. 3.4), line segment 
OA is perpendicular to the plane MSN and so OA | MN. Hence, | 
edge MN is perpendicular to the plane drawn through the intersecting 
lines OA and OB. If P is the point of intersection of this plane with 
the edge MN (note that this point may lie on the extension of the edge), 
then AP| MN, BPMN and so the point P is the common foot 
of the perpendiculars dropped from A and B on edge MN. Of course 
all these arguments hold true if in place of MN we take any other edge 
of the pyramid (as an exercise, carry out the reasoning for edge MS). 

Theorem. If a sphere is inscribed in a pyramid, the centre of the sphe- 
re is the point of intersection of the bisecting planes of all dihedral ang- 
les of the pyramid. 

Indeed, any point equidistant from both faces of a dihedral angle 
lies in the bisecting plane of the dihedral angle (see Sec. 3.2). There- 
fore, the centre of the inscribed sphere, since it is equidistant from all 
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faces of the pyramid, must lie in each of the bisecting planes, that is, 
it is the point of intersection of the bisecting planes of all dihedral 
angles.* : 

The centre of a sphere inscribed in a pyramid always lies inside 
the pyramid; this follows from the fact that all points of the bisecting 
plane lie between the faces of the dihedral angle. 

It is also necessary to stress that if a sphere inscribed in a pyramid 
is projected on the plane of the base of the pyramid, the resulting cir- 
cle will not be inscribed in the polygon of the base of the pyramid. 

The next problem suggests how to carry through an exhaustive so- 
lution to a problem involving a combination of pyramid and sphere 
(and to other similar problems). It is of added interest since the py- 
ramid is a “bad” one, the base being a trapezoid and not the usual re- 
gular polygon. 

1. A sphere is inscribed in a quadrangular pyramid PABCD tangent 
to all its faces. The base of the pyramid is an isosceles trapezoid ABCD 
with nonparallel side AB = | and acute angle @, and lateral faces APD 


Fig. 156 


and BPC are isosceles triangles (AP = PD, BP = PC) forming with 


the base of the pyramid one and the same angle a. Find the radius of 
the inscribed sphere. 


Let PABCD be a pyramid with an isosceles trapezoid ABCD as 
base; AB = CD = 1, Z BAD = Z ADC = 9g. The lateral faces of 
the pyramid, APD and BPC are isosceles triangles: AP = PD, BP = 


= 


= PC. Their bases are also the bases of the trapezoid (Fig. 156), 


* It is easy to see that the converse is also true; a sphere can be inscribed in a 
pyramid if the bisecting planes of all dihedral angles intersect in one point. However, in 
the general case it does not follow from any fact that all bisecting planés intersect 
in a single point. An instance can easily be thought up of a quadrangular pyramid 
which does not have a point common to all eight bisecting planes. It is therefore 
impossible to inscribe a sphere in such a pyramid. It can be proved (and we advise 
the reader to try to do so) that (1) a sphere can be inscribed in any triangular pyramid, 
(2) a sphere can be inscribed in a regular many-sided pyramid, 
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Draw the slant height PK of face APD and the altitude PH of the 
pyramid. The edge AD, since it is perpendicular’ to two intersecting 
lines PH and PK, is perpendicular to the plane HPK; BC || AD and 
therefore the edge BC is perpendicular to the plane HPK and, in par- 
ticular, to the line PL of intersection of this plane with the face BPC 
(PL is the slant height). Therefore 2. PLK and Z. PKL are the plane 
angles of the dihedral angles between the base and the lateral faces 
BPC and APD, respectively. It is given that 2 PLK = Z. PKL = a. 

By hypothesis, a sphere is inscribed in the given pyramid. It is © 
required to find the radius of the sphere. The centre of the inscribed 
sphere lies on the bisecting plane of the dihedral ‘angle between the 
planes BPC and APD since it is equidistant from both faces. Further- 
more, by the same reasoning, the centre also lies on the bisecting plane 
of the dihedral angle between the planes APB and CPD. It therefore 
lies on the line of intersection of these two bisecting planes. We will 
prove that this line of intersection is the altitude PH of the pyramid. 
To do this, it suffices to demonstrate that the altitude PH lies in each 
of these bisecting planes. 

First of all, we will prove that PH lies in the bisecting plane of the 
dihedral angle between the planes BPC and APD. Since plane LPK 
is perpendicular to plane APD (because plane APD passes through 
AD which is perpendicular to the plane LPK) and plane LPK is per- 
pendicular to plane BPC (for similar reasons), it follows that the plane 
LPK is perpendicular to the line of intersection of the planes APD 
and BPC and, hence, the angle LPK is the plane angle of the dihedral 
angle between the faces BPC and APD. But Z PLK = Z PKL 
and so A\ PKL is an isosceles triangle and the altitude PH- is at the 
same time the bisector. As we know, the bisector of a plane angle 
corresponding to a dihedral angle lies in the bisecting plane of the 
dihedral angle. 

Secondly, we will prove that PH lies in the bisecting plane of the 
dihedral angle between the planes APB and DPC, We wish to assure 
ourselves that the plane LPK is this bisecting plane. To do so, we 
will show that the distances from an arbitrary point S of this plane 
to the faces APB and DPC are the same. Mentally join S to the ver-* 
tices P, A, B, C, and D of the pyramid. Since Voaptr=V pperx 
(these pyramids have the same altitude PH and congruent bases 
ABLK and DCLK) and (for the same reasons) Vsans¢=Vsncur 
Vsapx™= Vsppx, Vespr= Vscri, it then follows that SABP— 
= Vgpcp. But the equality of volumes of the pyramids SABP and 
SDCP, by virtue of the equality A ABP = A DCP (by three sides) 
implies the equality of the altitudes dropped from S on the faces 
ABP and DCP, respectively. Thus, LPK is a bisecting plane and the 
altitude PH lies in this plane. -f 

Thus, the centre of the inscribed sphere—denote it by. O—does in- 
deed lie on the altitude PH of the pyramid. 


« 


26-—3480 


402 _ Ch. 3 Geometry 


We now consider the isosceles triangle LPK. Inscribed in it is a great 
circle of our sphere because this plane passes through the centre of 
the sphere. (From the foregoing it follows ‘that the sphere is tangent 
to the pyramid at H and at the points M and N lying on the slant heights 
PL and PK.) The problem thus reduces to the following problem 
of plane geometry: find the radius of a circle inscribed in the isosceles 
triangle LPK (base LK) with base angle a. LK is the altitude of the 
isosceles trapezoid ABCD with acute angle @ and nonparallel side / 
and for this reason has length / sin q. 

Since the centre of the inscribed circle lies at the point of intersection 
of the bisectors, 2 OKH = a/2 and so the desired radius 

r= OH = KH tan ($) =41 sing tan (5) 

Note that in the statement of the problem the bases of the trapezoid 
are not given. This does not however mean that the lengths of these 
bases can be arbitrary. The points of the line PH are of course equidis- 
tant from the planes APD and BPC, just as they are equidistant 
from the planes APB and CPD. But by no means for just any 
dimensions of the bases of the trapezoid is the distance from a point 
on the line PH to the plane APD equal. to the distance from this poini 
to the plane APB. To put it differently, not for arbitrary lengths of 
the bases AD and BC on the altitude P# is it possible to find a point 
equidistant from all five faces of the pyramid. Using the fact of the 
existence of an inscribed sphere, that is, assuming that such a point 
exists, we could, if we so desired, determine the dimensions of the 
trapezoid of the base. 

Now let us take up the case when a sphere is circumscribed about a 
pyramid. 

Definition. A sphere is said to be circumscribed about an (arbitrary) 
pyramid if all vertices of the pyramid lie on the surface of the sphere, 


5 


Fig. 157 


B 


Thus, the centre O of a circumscribed sphere (Fig. 157) is a point 
equidistant from all vertices of the pyramid. This-means that if the 
centre of a circumscribed sphere is joined to the vertices S, A, B, 
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C,... ofthe pyramid, then all line segments OS, OA, OB, Oc, ... will 
have the same length. 

Note the following. If from the centre O of the circumscribed sphere 
we drop a perpendicular OM on face BSC, the foot of the perpen- 
dicular will be the centre of the circle circumscribed about this face. 
Indeed, MS = MB = MC, being the projections of equal inclined 
lines OS, OB and OC on the plane BSC. (Repeating this argument for 
the base of the pyramid, it is easy to see that a circle can be circum- 
scribed about the polygon of the base.) Thus, if a sphere is circumscri- 
bed about a pyramid, then the centre lies at the intersection of the 
perpendiculars erected to each of the faces of the pyramid at the centre - 
of the circle circumscribed about that face. It will also be noted that 
if from point O we drop a perpendicular to any edge, say AB, then 
the foot N of the perpendicular will be the midpoint of the edge AB. 

Theorem. /f a sphere is circumscribed about a pyramid, then its centre 
is the point of intersection of all planes drawn through the midpoints 
of the edges of the pyramid perpendicular to these edges. 

Indeed, any point equidistant from two vertices of the pyramid ad- 
joining one edge lies in the plane drawn perpendicular to this edge 
through its midpoint (see Sec. 3.2). Therefore, the centre of a circum- 
scribed sphere must, since it is equidistant from all vertices of the 
pyramid, lie in each of these planes, which is to say it is the point of 
intersection of all these planes.* ~~ 

When making the drawing, the student-often places the centre of 
the circumscribed sphere at random without proper visualization of 
the given spatial configuration and, all the more so, without any re- 
asoning as to just what position the centre should occupy. As arule, 
the centre is placed inside the pyramid. Yet the centre of a circumscrib- 
ed sphere can lie inside, outside and on the surface of the pyramid (all 
depending on the type of pyramid). For example, in the next problem 
the centre of the circumscribed sphere turns out to be exterior to the 
pyramid, and this readily follows from the computations carried out 
in the solution. 

2. Ina triangular pyramid SABC, edge BC is equal toa, AB = AC, 
edge SA is perpendicular to base ABC of the pyramid, the dihedral angle . 
at the edge SA is equal to.2a, and that at the edge BC is equal to B. Find 
the radius of the circumscribed sphere. _ 

Consider the pyramid SABC (Fig. 158). Since edge SA is perpen- 
dicular to the plane of the base, 2 BAS = 2 CAS = 90°, and so 
angle BAC is precisely the plane angle of the dihedral angle at edge 


* A sphere cannot be circumscribed about an arbitrary pyramid. It is not hard 
to think up an example of a quadrangular pyramid about which a sphere cannot be 
circumscribed. We leave jt to the reader to prove that a sphere can be circumscribed 
about a pyramid if it is possible to circumscribe a circle about the base polygon of the 
pyramid, From this it follows that it is possible (1) to circumscribe a sphere about a 
triangular pyramid, (2) to circumscribe a sphere about a regular many-sided pyramid, 
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SA. Thus, the base of the pyramid is an isosceles triangle with angle 
2a at the vertex, and the altitude of the pyramid coincides with the 
edge SA. 

Since the projections of the lateral edges SB and SC on the plane 
of the base are equal, the edges themselves are equal. Therefore face 
BSC isan isosceles triangle and its altitude dropped from vertex S 


Fig. 158 


B 


hits the midpoint K of edge BC. By the theorem on three perpen- 
diculars, AK is the altitude of triangle BAC, whence it is evident that 
the angle SKA is the plane angle of the dihedral angle at edge BC, i.e., 
Z SKA = f£. . 

The centre of a circumscribed sphere lies at the intersection of the 
straight line /, which passes through the centre of the circle circumscri- 
bed about triangle BSC, with the plane passing through the midpoint 
of edge AS perpendicular to AS. Line / lies in the plane ASK. Indeed, 
plane BSC passes through the line BC which is perpendicular to the 
plane ASK, that is, the planes BSC and ASK are perpendicular; 
and J is perpendicular to plane BSC and passes through the line of 
their intersection so that it lies in the plane ASK. 


Fig. 159 


__. Thus, the centre of the sphere lies in the plane ASK. Let us examine 
this plane in a separate drawing. The centre O of the sphere will then 
lie at the intersection of / and line m, which is perpendicular to AS 
and passes through its midpoint. But there can, generally speaking, 
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be three possibilities: the straight lines / and m intersect inside or 
outside of triangle ASK or on a side of it, and we will have to consider 
all three possibilities (Figs. 159, 160, 161). In the computations given 
below it will be shown that two of the three cases are inivalid. 

We are interested in the radius R of the circumscribed sphere, that 
is, the distance from point O (the point of intersection of the perpen- 
diculars m and / to the sides of the angle KSA) to the points S, the 
vertex of the angle KSA. 

Let us first seek SL, the projection of the desired distance on the 
side SK of triangle KAS. Since we know that in triangle AKB (Fig. 158) 


Fig. 161] 


leg BK = 1/2 a and angle KAB = a, it follows that AK = 1/2x 
xacot a, Furthermore, from triangle KAS we have 
acot a 
SK = orosp 
Since L is the centre of the circle circumscribed about triangle BSC, 


it follows that LS = LB and so from triangle BKL we find 
(SK — SL)?+ KB? = SL’, that is, 


__ a(cot? O-f cos?) 
SL = 4co a cos f 
Noting that.the above computations of SL are in no way dependent 
on the location of the centre O of the circumscribed sphere, we return 


to Figs, 159, 160, 161. Denote by N the point of intersection of the 
line m with side SK. It is quite clear that / and m intersect outside 


triangle KAS if SN<SL (Fig. 160); but if SN=>SL, then O lies inside | 


this triangle (Fig. 159); finally, if SN = SL, then O lies on the side 
SK of the triangle (Fig. 161). Let us try to find out which of these 
locations actually occurs. ; 


Since MN is the midline of triangle KAS, SN==1/2 SK. Comparing . 


the lengths of SN and SL, we easily prove that for arbitrary a, a andB 
: acota _ a(cot? a@-+cos?B) 


Toosp < 4 cot a cos B 


(from geometric arguments it follows that a>0, 0°<a<90° and 
0°<6< 90°). Hence, no matter what the dimensions of a, a and § 
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of the pyramid SABC, the centre O of the circumscribed sphere will 
always be exterior to the pyramid. This in turn means that the plane 
configuration in plane KAS can only be of the form indicated in 
Fig. 160, and that the arrangements shown in Figs. 159 and 161 do not 
occur. 

Considering Fig. 160, it iseasy to demonstrate that 2. ONL = B and 
so LO = NL tan f = (SL— SN) tan £. Substituting into this equa- 
tion the expressions obtained above for SL and SN, we get (after ob- 
vious manipulations) LO= 1/4 a tan @ sin fp. Finally, from the right 
triangle OLS we find 

R=VLO?+ SL? = Oe TECNTy V cos? B+ sin? B cos¢a@ 

The computations in this problem were thus very simple, the chief 
difficulty being in the arguments that establish the location of the 
centre of the circumscribed sphere. 

Combinations of pyramid and inscribed or circumscribed sphere 
are usually solved by students in a satisfactory manner, but-other 
cases of pyramid and sphere give rise to nearly insuperable difficulties. 
It is a fact that few are able to visualize a spatial configuration, say, 
in the case of a sphere tangent to all edges of a triangular pyramid, a 
sphere tangent to the base and passing through the vertex, of a sphere 
touching two skew edges of a triangular pyramid, and the like. In 
all these cases, the crux of the problem lies in establishing the common 
properties (needed for the computations) of the centre of the sphere 
and the elements of the pyramid. 

There is no possibility of considering and investigating all possible 
mutual positions of sphere and pyramid. We therefore confine oursel- 
ves to two examples. 

3. A sphere of radius r is tangent to all edges of a triangular pyramid. 
The centre of the sphere lies inside the pyramid on its altitude at a dis- 
tance of rV3 from the vertex. Prove that.the pyramid is regular and 
find the altitude of the pyramid. 

Let the points M, N and L be the points of tangency of the sphere 
and the lateral edges of the, pyramid SABC, and D, E and F the 
points of tangency of the sphere and all sides of the base (Fig. 162). 
Let O denote the centre of the sphere, which is stated to be on the al- 
titude SK of the pyramid. 

By the definition of tangent lines toa sphere, ON | AS, OL | BS, 
OM | CS; ON = OM = OL = r, whence it follows that the right 
triangles SNO, SLO and SMO are equal and so SN = SL= SM 
and 2 NSO= Z LSO = Z MSO. 

The last equality of the angles permits us to conclude that triangles 
AKS, BKS and CKS are equal; hence, AS = BS = CS, which means 
that all the lateral edges of our pyramid are equal. This of course does 
not yet let us affirm that the pyramid is a regular pyramid. 
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The equality of lateral edges and the equality of line segments 
SN, SL and SM show that AN = BL = CM- Now take advantage 
of the fact that the tangents to a sphere drawn from a single point 
are equal: AN = AF = AE, BL = BE = BD, CM = CF = CDY 
Therefore, AN = BL = CM = AF = AE = BE = BD = CF = 
= CD, whence it follows that the points D, E and F are the midpoints 


Fig. 162 


, ; 
of the edges of the base, and AB = BC = CA, which means the tri- 
angle ABC is equilateral. The equality of the lateral edges of the py- 
ramid implies equality of their projections: AK = BK = CK, which 
means K—the foot of the altitude—is the centre of an equilateral 
triangle ABC. 

We have thus proved that the pyramid SABC is regular, Let us 
find the length of the altitude SK. 

The right triangles AKS and ONS have a common acute angle at 
the vertex § and are similar, and so SK = AK-NS/NO. For the sake 
of brevity, denote the altitude SK by h. We have seen that ON = r. 
From the right triangle SNO we get NS. = VSO—NO? = rV2 
and soh = AK-V2 and it only remains to determine one more re- 
lation between A and AK. 

This relation can be obtained from the right triangle OKD. In this 
triangle, KD = 1/2 AK, OD =r and OK =h—r V3; by the Pyth- 
agorean theorem we have 1/4 AK? =7P—(h—r Y 3). Substitu- 
ting AK = h/V'2 into this equation, we get a quadratic equation in 
h having two positive roots: 


h=srV3, h=—rVS 


But the second root does not satisfy the condition of the problem. 
The centre of the sphere has to lie inside the pyramid on its altitude 


at a distance of r V3 from the vertex. This means the altitude of the 
pyramid must exceed r 3, whereas the second root A, is less than 
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r V3. The_first root A, yields the desired altitude of the pyramid, 
h=4/3 rV'3. | 

Note that we did not depict the sphere in the drawing. The important 
thing in this case is that the sphere in the problem goes beyond the 
limits of the pyramid and intersects the faces of the pyramid (some 
students attempted to represent the sphere in the drawing as tangent 
to the faces!). 

4. Given a regular triangular pyramid SABC (S the vertex) with 
base side a and lateral edge a V2. A sphere passes through point A and 
is tangent to the lateral edges SB and SC at their midpoints. Find the 
radius of the sphere. 

In this problem, too, any attempt to visualize the entire configu. 
ration does not simplify the solution. We have to take advantage solely 
of the fact of tangency. 

This problem is most easily solved by means of a theorem of plane 
geometry: the square of a tangent to a circle is equal to the product 
of the secant by its exterior portion. 

Knowing that the sphere is tangent to the edge SC at its midpoint 
and passes through vertex A, we find another two points in which the 
sphere intersects edges AC and AS (Fig. 163). Indeed, the plane ACS 
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Fig. 163 


intersects the sphere along’ a circle which is tangent to the straight 
line CS (at the midpoint of CS) and which passes through A. Using 
the foregoing theorem, we find that this circle cuts edge AC at the mid- 
point (point K) and edge AS at E such that SE=1/2 a V2. 
Similar arguments concerning plane ABS permit finding another 
two points of intersection of the sphere with the edges AB and AS: 
F, the midpoint of edge AB and the same point E of edge AS. We can 


now find the radius of the sphere by taking advantage solely of the 
points A, K, Fand E. 


Since the sphere passes through A, K and F, the centre of the sphere 


lies on the perpendicular to the plane AKF erected from the centre 
of A AKF. Since point N (the centre of J\ AKF) lies on the median 
AD of the triangle ABC, and AN = 9/3 (AD/2) = 1/3 AD, the centre 


pr mm nese cn een nccnan ee ee an eee ee nT ee 
OE -—_——————————————————————————————————————— crcl 


8.8 Combinations of solids , 409 _ 


of the sphere lies in the plane ADS, since, as we know, the altitude 
SQ of the pyramid also lies in this plane. Since AQ = 2/3 AD, it fol- 
lows that AN = NQ and, hence, the centre of the sphere lies on the 
midline NR of triangle ASQ. 

- But the centre of the sphere also lies in the plane perpendicular to 
AE and passing through the midpoint of AE, i.e. point P. Hence, 
the centre of the sphere lies on the straight line.lying in the plane 
ASD perpendicular to edge AS and passing through point P. Thus, 
the centre of the sphere lies in the plane ASQ at the intersection of 
the following straight lines: the midline of A ASQ and the perpendi- 
cular to the line segment AE at its midpoint. . 

Now let us take up the computations: 


R= AO =V AP? PO? 


Since AP = 1/2 AE = 1/2 (AS— ES) =.3/8 aV2, it remains to 
find PO. From the similarity of the triangles RPO and RAN 
we find PO= RP-AN/RN. Since RP = AR— AP=1/8a)2, 
AN = 1/3 AD = 1/6 aV3, RN = 1/2 SQ=aY 15/6, then PO= 
= aV 10/40, whence R = a Y'115/20. 

It is of course impossible to provide for all kinds of other combina- 
tions of geometric solids. Below is a list of definitions of some of the 
more or less ordinary configurations; we also consider a problem in- 
volving tangency of sphere and cone. There is no need to memorize 
these definitions, the important thing is to get a clear-cut understan- 
ding of the geometric picture. In our solution of the problem we strive 
to show that the crux lies in visualizing the specific mutual arrange- 
ment of the solids. ; 

A sphere is inscribed in a prism if it touches all faces of the prism. If 
the prism is a right prism, then the orthogonal projection of the sphere 
on the plane of the base of the prism is a circle inscribed in a polygon 
(the base of the prism). This does not hold true for an oblique prism. 
In any case, the altitude of the prism is equal to the diameter of the 
sphere. 

A sphere is inscribed in a right circular cone if it is tangent to the base~ 
of the cone and also to the lateral surface. The point of tangency of the 
sphere and the base is the centre of the base; the sphere is tangent to 
the lateral surface along a circle (which is not a great circle!), the plane 
of which is parallel to the plane of the base. The centre of the sphere 
lies on the altitude of the cone. 

A sphere is inscribed in a right circular cylinder if it is tangent both 
fo the bases of the cylinder and to its lateral surface, The points of tangen- 
cy of the sphere with the bases are the centres of the bases. The sphiere 
is tangent to the lateral surface along a great circle of the sphere paral- 
lel to the bases. The centre of the sphere lies on the axis of the cylinder. 
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The diameter of the base of the cylinder is equal to the diameter of 
the sphere and is equal to the altitude of the cylinder. 

A sphere is inscribed in a truncated pyramid (with parallel bases)* 
(or a truncated right circular cone) if it is tangent to the bases and ‘to the 
lateral surface. The diameter of the sphere is equal to the altitude of 
the truncated pyramid (truncated cone). 

A right circular cylinder is inscribed in a prism if its lateral surface 
is tangent to the lateral faces of the prism, and the bases (circles inscribed 
in polygons) are the bases of the prism. lf a right circular cylinder is 
inscribed in a prism, then the prism is a right prism. The lines along 
which the lateral surface of the cylinder is tangent to the lateral fa- 
ces of the prism are straight lines perpendicular to the bases of the 
prism. 

A right circular cylinder isinscribed in a pyramid if the circle of one 
of its bases is tangent to all lateral faces of the pyramid and the other base 
lies on the base of the pyramid. It is to be noted that the pyramid need 
not be a regular pyramid. If the cylinder is inscribed in the pyramid, 
then, firstly, the foot of the altitude of the pyramid lies inside (or on 
the sides of) the polygon forming the base of the pyramid, and, secon- 
dly, the base of the pyramid is a polygon in which it is possible to 
inscribe a circle (however, the base of the cylinder lying on the base 
of the pyramid is not a circle inscribed in the base of the pyramid!). 

A right circular cylinder is inscribed in a right circular cone if the 
circle of one of the bases of the cylinder lies on the lateral surface of the 
cone and the other base of the cylinder lies on the base of the cone. The axis 
of the cylinder lies on the altitude of the cone. It is possible to inscribe 
an infinity of cylinders in every cone. 

A right circular cylinder is inscribed in a sphere if the circles of the 
bases lie on the sphere. The bases of the cylinder are small circles of 
the sphere; the centre of the sphere coincides with the midpoint of the 
axis of the cylinder. 

A right circular cone is inscribed in a prism if its vertex lies on the top 
base of the prism and its base (a. circle inscribed in a polygon) is the 
bottom base of the prism. \f a cone is inscribed in a prism, then, firstly, 
the bases of the prism are polygons in which it is possible to inscribe 
a circle and, secondly, the straight line perpendicular to the bottom 
base and passing through the centre of the circle inscribed in the poly- 
gon (the bottom base) intersects the top base (and not its extension). 
The altitude of the cone is equal to the altitude of the prism. 

A right circular cone is inscribed in a pyramid if the vertex of the cone 
coincides with the vertex of the pyramid, and the base of. the pyramid is 
a polygon circumscribed about the circle of the base of the cone. li 
the cone is inscribed in a pyramid, then, firstly, the base of the pyra- 
mid is a polygon in which we can inscribe a circle and, secondly, the 


* Also termed a frustum of a pyramid. 
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altitude of the pyramid passes through the centre of this circle. The ~- 
altitudes of the pyramid and cone coincide. 

A right circular cone is inscribed in a sphere if the vertex and the circle 
of the base lie on the sphere. The base of the cone is a small (or great) 
circle of the sphere. The centre of the sphere lies on the altitude of 
the cone. 

A pyramid is inscribed in a cone if the vertex of the pyramid coincides 
with the vertex of the cone and the base of the pyramid is a polygon in- 
scribed in the circle of the base of the cone. The altitudes of the pyramid 
and cone coincide; the lateral edges of the pyramid lie on the lateral 
surface of the cone. : 

A prism is inscribed in a right circular cone if all vertices of the top base 
of the prism lie on the lateral surface of the cone and the bottom base of 
the prism lies on the base of the cone, The base of the prism is a polygon . 
about which we can circumscribe a circle (but the bottom base of the 
prism is not inscribed in the circle of the base of the conel). 

A prism is inscribed in a cylinder if its bases are polygons inscribed in 
the circles of the bases of the cylinder. The base of a prism is a polygon 
about which a circle can be circumscribed; the prism is a right prism 
and its altitude is equal to the altitude of the cylinder. 

A prism is inscribed in a sphere if all its vertices lie on the sphere. 
The prism is aright prism; its base is a polygon which can be inscribed 
in a circle. : es 

5. Given three right circular cones with angle a (a<2n/3) in the axial 
section and radius of base equal to r. The bases of these cones lie in one 
plane and are externally tangent to one another in pairs. F ind the radius 
of the sphere tangent to all three cones and to the plane passing through 
their vertices. ; 

The configuration of solids in the problem is rather easy to visualize 
but extremely difficult to depict. Now it is not really necessary to get 
a general view of this configuration; it will be enough to visualize 
it in one’s mind’s eye. Descriptively, we can say that the sphere is 
embedded in a funnel between three equal cones (standing on one and 
the same horizontal plane P so that their bases touch one another ex- 
ternally in pairwise fashion) and the size of the sphere is such that 
it is tangent to the “roof” of the plane Q that lies on the three vertices 
of the cones. . de 

However, before solving the problem, we have to make precise the 
meaning of the words “a sphere embedded in the funnel between cones 
in strict mathematical terms. It is clear that the sphere has only one 
common point with.the lateral surface of each of the cones, or, as we 
say, is tangent to the lateral surface of the cone externally. What this 
means is that if we pass a cutting plane through the altitude of the 
cone and the centre of the sphere, then the resulting great circle in 
the section of the sphere is externally tangent to a side of the isosceles 
triangle that is the section of the cone (Fig. 164). Such, precisely, is 
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the definition of tangency of a sphere, exterior to a cone, to the late- 
ral surface of the cone. In other words, if M is the point of tangency of 
the sphere and the cone, then the sphere touches the generatrix SMN 
of the cone (with vertex S) at point M and the radius OM of the sphere 
is perpendicular to the generatrix, : 


Fig. 164 


KN H p 


Now let Fig. 164 depict the section of one of the cones of our con- 
figuration, of the sphere and of the planes P and Q (the planes of the 
bases of the cones and the planes of their vertices) cut by the plane 
passing through the altitude SH of this cone and the centre O of the 
sphere (the other two cones are not depicted). The fact that the cutting 
plane x will be perpendicular to the parallel planes P and Q follows 
from the fact that it passes through altitude SH of the cone, which 
altitude is perpendicular to the P plane of its base and so is perpendi- 
cular to the Q plane (the P and Q planes are parallel), 

Let M be the point of tangency of sphere and cone; then, by virtue 
of what has already been said, the great circle obtained in the section 
of the sphere by the x plane is tangent to the generatrix NS of the 
cone at point M. However, the fact that this same circle is tangent 
to the straight line along which the planes x and Q intersect requires 
special proof. 

Denote by L the point of tangency of the sphere and the plane Q. 
Any straight line in the Q plane passing through L and, in particular, 
LS, will be tangent to the sphere, that is to say, -it will be perpendi- 
cular to the radius OL and so OL + LS. Since the radius OL of the 
sphere drawn to the point of tangency is perpendicular to the Q plane, 
it follows that OL || SH, these. being two perpendiculars to one and 
the same plane Q. But two’parallel lines lie in one plane; this implies 
that theradius OZ lies in the x plane drawn through SH and the point 
O. In other words, the point L of tangency of the sphere and the Q 
plane lies in the x plane. This in turn means that LS (the line of inter- 
section of the planes n and Q) is tangent to the great circle obtained 
in the section of the sphere cut by the « plane. Indeed, the straight 
line LS passes through the endpoint of the radius OL of this great 
circle perpendicular to OL. ae 

‘Extend LO to intersection with NH at point K. It is clear that 
LSHK isa rectangle, whence, for one thing, it follows that 7. LSH= 
=90° and KH = LS, Since 2 NSH= a/2, by hypothesis, then, joi- 
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ning the points O and S, we easily find that 2 OSM-= (a — a)/4 
and so, from the triangle OSM, 


SM = Rcot = 


where R is the desired radius of the sphere. Taking into account that 
LS = SM (two tangents drawn from one point to one and the same 
circle), we get 


KH = Rcot == 
From this it follows that the distance from the projection K of the 
centre O of the sphere on the P plane to the centre of the cone does 


not depend on which of the three given cones we consider. In other 
words, K is equidistant from all three centres of the bases of the cones 


Fig. 165 


and so KH is readily found (Fig. 165) as the radius of the circle cir- 
cumscribed about an equilateral triangle with side 2r, namely, KH= 


=2r/V'3. We now have . 
Pao = tonte2 


yon 


Exercises 


1. A right circular cone is inscribed in a sphere of radius R. Find the lateral 
surface area of the cone if the altitude is A. 

2. The side of a regular tetrahedron is equal to a. Determine the radius of a 
sphere pangent to the lateral faces of the tetrahedron at points lying on the sides 
of the base. 


* Note, as a supplement to this solution, that the angle a in the axial section of 
the cone always satisfies the inequalities 0<a@<a and for all such @ the formula we 
obtained for the radius of the sphere is obviously meaningful. This does not however 
mean that for any a the geometric configuration of the problem exists: it is rather 
easy to see that if the angle a is great, that is, the cones are broad and low, then the 
tadius of the sphere tangent to them will be great and it will pass above the plane 
passing through the vertices of the cones. For a sphere having the requisite properties 
to exist, it is obviously necessary and sufficient that the point of intersection of the 
bisector SO and the straight line KL be projected on the generatrix of the cone and 
not on its extension; that is, that the inequality SM <1 or, what is the same thing, 
2r/ V3 <r cosec (a/2), hold true, whence sin (a/2) < 3/2, i.e, & <2n/3: It is pre- 
cisely this restriction that is imposed on @ in the statement of the problem. 
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3. A sphere is inscribed in a right circular cone. The radius of the circle 
tangency of the surface of the sphere and the lateral surface of the cone is equal 
r. The radius of the base of the cone is equal to R. Determine the lateral surfa, 2 
of the sphere. are 

4. A sphere is inscribed in a truncated cone (parallel bases) of volume 
- The sphere (of radius R) is tangent both to the lateral surface and to both base,” 
pat is the angle formed by the generatrix of the cone and the greate, 

ase? P 

5. Inscribed in a right circular cone is a sphere whose surface is equal t 
the area of the base of the cone. In what ratio is the lateral surface of the co : 
divided by the line of tangency of the sphere and cone? ne 

6. A pentagonal pyramid is circumscribed about a right circular cone of alt; 
tude equal to the radius of the base of the cone. The total surface area of the pyramig 
is twice that of the cone. Find the volume of the pyramid if the lateral surfing’ 
area of the cone is equal to nY2. MA 

. The base of a pyramid is a right triangle and the lateral faces passj 
through the legs form angles of 30° and 60° with the base. A right circular cone ne 
circumscribed about the pyramid. Find the volume of the cone if the altitude 3 
the pyramid is equal to A. of 

8. A right circular cylinder is inscribed in a sphere. How many times does th 
volume of the sphere exceed that of the cylinder if it is known that the ratio of ihe 
radius of the sphere to the radius of the base of the cylinder is half the ratio of tp : 
surface of the sphere to the lateral surface of the cylinder? . 

9. Inscribed in a sphere of radius a is a regular tetrahedron. Find the volu 
of the irene ; ile 

10. In a regular triangular pyramid the ratio of the radii of a circu i 
and an inscribed sphere is 3. Find the ratio of the volume of the pyramid ny theo 
lume of the inscribed sphere. a 

11. The base of a Pon is an isosceles triangle, the two sides of which are equal 
to 6; the corresponding lateral faces are perpendicular to the'plane of the bas 
and form, between each other, an angle of a. The angle between the third lateral 
face and the plane of the base is also equal to a. Find the radius of the sphere ; 
scribed in the pyramid. i 

12. Find the volume of a regular triangular pyramid, knowing the radiu 
ie sphere and the angle a of inclination of its lateral face to 1a 

ase. ; 

13. A sphere is inscribed in a truncated cone (parallel bases) whose 
is of length / and forms with the base an angle a. Determine the ats of aie chek 
along which the sphere is tangent to the truncated cone. 

14. A sphere is inscribed in a spherical sector. The radius of the circle alon 
which the sphere is tangent to the sector is equal to r, A diametral plane of the 
ee sector cuts out of it a circular sector with central angle 2p. Determine 
t Pes ae hla ner sector. 

. The edge of a cube is given as a. A sphere with centre O intersects three 
(at their. midpoints) converging to the vertex A. A perpendicular is dropped ne 
the point B of intersection of the sphere with one of the edges of the’ cube onto 
the res 1 ie ie peste ee a vertex A, the angle between the per- 
pendicular and the radius eing divided in half by the e 
Find the radius of the sphere. z eset a eube 

16. Five equal spheres are placed in a cone. Four of them lie on the base of the 
core, and each of these four spheres is tangent to two others lying on the base and 
also to the lateral surface of the cone. The fifth sphere is tangent to the lateral sur- 
face and to the other four spheres. Determine the volume of the cone if the radius 
of each sphere is equal to R. ; 

17. Two equal spheres of radius r are tangent to each other and to the faces of a. 
dihedral angle equal to o. Find the radius of the sphere that is tangent to the faces 
of the dihedral angle and to both given spheres, 4 


of 
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18. The altitude of a cone is four times the radius of a sphere inscribed in the 
cone. The generatrix of the cone is equal to /. Find the lateral surface area of the 
cone and the radius of the sphere circumscribed about the cone. 

19. The lateral surface area of a regular triangular pyramid with base side a 
is 5 times the area of the base. Find the volume of the cone inscribed in the’ py- 
tamid. . 

20. A sphere of radius r is tangent to all edges of a regular quadrangular pyra- 
mid with base side a. Find the volume of the pyramid. 

21. A sphere is inscribed in a cube with edge a. Determine the radius of an- 
other sphere tangent to three faces of the cube and to the first 5 yaa 

22. Given in a pyramid SABC (S vertex, ABC base): AB=AC=a, BC=b, 
The altitude of the pyramid passes through the midpoint of the altitude AD of 
the base; the dihedral angle t formed by the faces SBC and ABC is equal to n/4. 
A cylinder whose altitude is equal to the diameter of the base is inscribed in 
this pyramid so that one base is tangent to the faces of the dihedral angle v, the 
other, to the faces of a trihedral angle A; the axis of the cylinder is parallel to 
AD, Find the radius of the base of the cylinder. . 

23. The edge of a cube is equal to a. Find the volume of a right circular cylin- 
der inscribed in the cube so that the axis is the diagonal / of the cube and the circ- 
les of the bases are tangent to those diagonals of the faces of the cube which do 
not have any points in common with the diagonal J of the cube. . 

24, Three spheres of radius r lie on the base of a:right circular cone. On top of 

them lies a fourth sphere of radius r. Each of the four spheres is tangent to the la- 
teral surface of the cone and to the three other spheres. Find the altitude of the 
cone. 
25. Three spheres of radius ¢ lie on the bottom base of a regular triangular 
prism, each of them is tangent to the two other spheres and to two lateral faces of 
the prism. On these spheres lies a fourth one which is tangent to all lateral faces 
and to the top base of the Sete Determine the altitude of the prism. 

26. Four equal spheres of radius 7 are externally tangent to each other so that 


each is tangent to the three others. Find the radius of a sphere tangent to all four - 


spheres and containing them within it. : 

27. A sphere is inscribed in a right circular cone. The ratio of the volumes of 
the cone and sphere is equal to two. Find the ratio of the total surface area of the cone 
to the surface area of the sphere. 

28. In a regular triangular pyramid the altitude is A and the side of the base is 
a. One of the vertices of the base is the centre of a sphere that is tangent to the 
opposite face of the pyramid. Find the area of those portions of lateral faces of the 
pyramid that are located inside the sphere. 

29. Given a regular triangular pyramid SABC (S vertex) with base side a and 
lateral edge b (b> a). A sphere Iles above the plane of the base ABC, is tangent to 
this plane at point A, and, besides, is tangent to a lateral edge SB. Find the radius 
of the sphere. 

30. Given a regular quadrangular pyramid SABCD (S vertex) with base side a 
and lateral edge a. A sphere with centre at O passes through A and is tangent to ed- 
ges SB and SD at their midpoints. Find the volume of the pyramid OSCD. 


Chapter 4 NONSTANDARD PROBLEMS 


4.1 Introduction 


Nonstandard problems appear in a number of types. Some of them 
apper to be very unusual, so much so that one does not know how to 
attack them. Others are in the form of quite an ordinary equation, 
which however is not solved by standard procedures. A third type in- 
volves very subtle and clear-cut logical reasoning. A fourth type... 
well, actually, there are many different kinds of nonstandard problems 
and it is rather hopeless to strive to embrace them all. 

Nonstandard problems require a definite degree of ingenuity and 
mastery of various sections of mathematics and a high degree of lo- 
gical culture, so to speak. And besides all this, a proper frame of 
mind. Time and again, a problem that essentially is not complicated 
but is formulated in an unusual manner has caused insuperable dif- 
ficulties, whereas the solution only required a few words. 

It is of course impossible to indicate all possible methods of working 
nonstandard problems. They require the use of graphs and diverse 
properties of functions, inequalities and, last but not least, logic. 

A word about the term nonstandard. We believe that this term re- 
fers not to complexity but rather to'the unusual nature and aspect of 
the problem. However, we hope that after the student has worked 
through this chapter he will regard the methods and the problems 
given here as normal and standard. 

We will examine the solutions of a number of nonstandard problems 
and in some cases will offer a variety of approaches to their solution. 
The reader will notice that many of the solutions are not really invol- 
ved at all and can be grasped at once. What is more complicated is 
‘the finding of these solutions. We therefore suggest that the student 
make an attempt to solve each problem before going on to read the 
solution given in the book. 

Another thing is to differentiate strictly in these problems between 
the rough solution and the final version. The point is that during the 
exploratory stage, the student seeks an approach to the problem and 
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carries out various computations and runs down chains of logic without 


_ yet knowing whether they will actually be of any use or not. All this 


results in what we call a rough solution. Here the logic is often incom- 
plete, with gaps and hazy statements, extra, frequently unneeded, 
statements, and the like. The teacher is not interested in how the so- 
lution was arrived at so long as the problem is solved correctly and 
every step is justified and substantiated. This constitutes the final 
version of the solution, and that is what counts in the final analysis. 
This final version need not of course include every single step of the 
rough solution, and so the task of the student consists in polishing 
off his rough solution to a final solution. : 

In some of the cases given below we include both types.but in most 
cases we confine ourselves only to the rough solution and leave it to 
the reader to perform the exceedingly useful exercise involved in 
rewording the rough version to a final version of the solution. 


4.2 Problems that are nonstandard in aspect 


A cursory glance at the problems offered in this section will give 
the reader an idea of what is meant by the title. It is clear from the 
very start that ordinary manipulations, the use of algebraic or tri- 
gonometric formulas will not yield the desired result if certain othei 
reasoning is not invoked. ; 

This other reasoning ordinarily involves inequalities, graphs and, - 
generally, the various properties of functions. 

1. Solve the equation 2 sin x = 5x?+- 2x3, 


Y=In42L+3 


WHAT HPN y=25ine 
Fig. 166 


To approach this equation, let us first see how the graphs of the left 
and right. members behave. If the curves intersect, then the abscissas 
of the points of intersection will be the roots of the equation, and if 
they do not, then the equation does not have any roots. From 
Fig. 166 it is evident that the equation has no roots. . 

This completes the rough solution, but it is by no means the final 
version, for a graph is not a proof and it still must be demonstrated 


27—3480 
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formally that the equation has no roots. Our graphical solution is of 
course no loss because we will need it to find a rigorous proof. 

Let us take a closer look to see what properties of the graphs indicate 
that the graphs do not intersect. This follows from the fact that the 
graph of the function y = 5x?-+ 2x + 3 lies everywhere above the 
graph of the function y = 2 sin x. Going from geometric to algebraic 
terms, this means that for any x the inequality 

5x? + 2x4-3 > 2sinx 
holds true. 

This is prec sely the inequality that we must prove in rigorous fash 
ion. Indeed, on the one hand, for any x, 


b+ 2x+3=5(x+5) +E Sy > 2 


yet, on the other, 2 sin x<2 also for arbitrary values of x; and 
therefore for any x the inequality to be proved is valid. 

But now that we have a rigorous solution and an exact proof that 
the given equation has no roots, why do we need to go through with 
all the previous arguments? They have already performed their task, 
that of helping us to find a rigorous proof. The final version of the 
solution can then be written as follows: 

“The given equation has no roots; indeed, for arbitrary x we have 
the inequalities 


i 
Sx 2x+3=5(r+5) +253 >0 and 2>>2sinx 


that is, 5x? + 2x + 3>>2 sin x, which completes the proof.” 

The hidden element of this solution is that we first made use of non- 
rigorous reasoning and solved the problem by means of graphs. 

2. Solve the equation sin x = x7+x+ 1, : 


Fig. 167 


Construct the graphs of both sides of the equation (Fig. 167). Again, 
the curves do not intersect and so the equation has no roots. But the 
_same proof is not applicable here because the parabola dips below the 
straight line y = 1. 

Still, the graph suggests how we are to find a rigorous proof. From 
the property of a quadratic trintomial it follows that for x>>0 and for 
x<—l, the inequality x?+ x + 1>1 holds true, so ‘that the inequa- 
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lity x?+-+ x + 1 > sin x is valid for all these values of x. And on the 
‘remaining interval —1<x<0, the inequalities #+x«+1>0 
and sinx <0 are valid, so that here too (on this interval) the equation 
has no roots. ; 

It is not always necessary to construct graphs in solving such equa- 
tions. Occasionally the very construction of the graphs may turn out 
to be complicated. Actually, in the solution we will take advantage 
not so much of graphs as of various inequalities, the graphs merely 
hinting at the approach to a proof. In more complicated instances, we 
have to seek the proof in a strictly formal manner without having be- 
fore us a visual (geometric) image. Naturally, this is somewhat more 
complicated. . 

3. Solve the equation 2 cos? PEE LON, : 

Clearly, it is best not to try to construct the graph of the left member, 
all hope resting on inequalities . On the one hand, for any x we have 


the inequality 2 cos? ott <2; on the other, 2* + 27% >2— 
the sum of positive reciprocal quantities. Therefore, the left and right 
members of the original equation are equal if and only if they are both 


equal to 2. 
In other words, the following system of two equations in one 


unknown must hold: 


2cost E49 
2% 4. 27-* — 2. 


The second equation of this system has the unique root x = 0. This 
root satisfies the first equation too, that is, it is the sole solution of the 
system and, hence, of the original equation. . 

The next few problems also reduce to systems of two equations in 
one unknown, thanks to the use of the properties of trigonometric func- 

ions. 

4, Solve the equation cos’ x-+-sintx= 1. 

Since cos’ x< cos? x and sin‘ x< sin? x, the left member of the given 
equation does not exceed unity and is equal to unity only when equa- 
lity occurs in both the above weak inequalities; in other words, when 
the following system of equations holds true: . 

cos? X = cos? x 
sin’ x == sin? x 

The first equation is satisfied for cos x=0 and for cos x=1. But 
the second equation is also satisfied for these values of x: ifcos x = 0, 
then sin?x = 1, and if cos x = 1, then sin x = 0. Therefore, the so- 
lutions of the system and, hence, of the original equation, are x = 
= 9/2 -+ kn and x = 2kn, where & is any integer. 


27* 
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e equation sin* x — cos? x=1. : ; 
one oe ning of Problem 4 does not directly apply in this case but 
‘t can be modified to some extent. It clearly follows from this equation 
that cos? x0 (otherwise sintx> 1), that is cos x<0. But then 

|cos? x| = — cos’ x, and the equation is rewritten as 


sin‘ x-+|cosx|? =1 
Now we can argue as in the preceding case: 
sintx<sin?x, |cosx|? <|cos x|?= cos? x 
and we finally get the system of equations 
sin’ x — sin? x 
|cos x |? =| cos x |? 


nd equation is satisfied for [cos x] = 0 and for |cosx] = 1. 
From eos x| a 0 we get the solutions x = x/2 +kn, k =0, +1, 
+2, ... which also satisfy the first equation. But if |cosx] = 1, then 
cos x = —I (since cos x<0) and x = (2k + 1) x. These values also 
satisfy the first equation. Hence, the solution of the original equation 
is given by two sets (groups): 


x= kn and x=(2k-+1)m (& any integer) 

Here is another method of solution that merely reduces the given 
equation to the previous one. Replacing x by n — y, we get the equa- 
tion sin* (m— y) — cos’ (n— y) = 1 or, using the reduction for- 
mulas, the equation 

sin* y+ cos’ y = 1 


which was analyzed above. Its solutions are: y= n/2-+kn and 
y = 2kn, whence, since x = m— y, we have 


x=ay—hn and x=2—2kn (& any integer) 
6. Solve the equation 
cos? [+ (sinx-+V2 cos? x)| — tan? (« ++ tan? x) =! 


Since the square of the cosine of any argument does not exceed l, 
_ the given equation holds true if and only if we have, simultaneously, 


cos? [= (sin x +V2 cos? *)| =1 and tan («+4 tan®«) =0 


4.2 Problems that are nonstandard in aspect 421 


We thus have a system of two equations in one unknown. To solve . 


it, we find the roots of the first equation and then substitute them into 
the second equation, and then choose those that satisfy the second 
equation and, hence, the system. ; 

From the first equation we at once get 


sinx +V2 cos? x= 4k 
where & is an integer. However, 
[sinx +V2 cos?x|<|sinx| +/2 |cos*x|<c1+VW2 <4 


and so the last equation has no solution for R540. Weconsider k = 0, 
that is, we solve the equation sin x-+V 2cos?x=0. Replacing cos?.x 
by 1— sin? x, we get the quadratic equation sinx +V 2—V 2x 
x sin? x = 0, whence sin x =—I//2 (the second root of the quadratic 
exceeds 1). Therefore the solutions of the first equation are: 


x= —F+2nn, x,= 24 Ona, n=0, +1, +2, ... 


For the sake of convenience we wrote the solution in the form of two 
sets instead of the common notation x= (—1)"*} pan. Generally 


speaking, the contracted notation for the solution in the form of a 
compact single group (set) is convenient for representing the final 
answer, but is less convenient than the two-set notation when we still 
have computations to perform. _ 

Consider’ the first group x= —s/4-+ 2na; Substitute these values 
of x into the second equation to get tan (~x/4 + 2nn + 1/4) = 0 
(since obviously tan? x = 1), which is an identity. Thus, all values 
of x of the first group are solutions of the system and, hence, of the 
original equation. 

Considering the second group in similar fashion, we are convinced 


that not a single value is a root of the second equation and none satis- _ 


fies the original equation. 
Thus, the solutions of the original equation are given by the formula 


x=— T+ Onn 


where n is any integer. 

A common type of problem unusual in aspect is the single équation 
or inequality in two or more unknowns and ‘a system of equations in 
which the number of unknowns is not equal to the number of equations. 
The ‘preceding problems (systems of two equations in one unknown) 
are of this type. A considerable psychological barrier to the student 
is a problem where there are more unknowns than equations or inequ- 
alities, This is apparently due to the view, explicitly expressed or la- 
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tent, that a large number of unknowns cannot be determined from a 
small number of conditions. The following problems show that this is 
not so. 

7, Solve the system of equations 


tan? x-+ cot? x = 2 sin? y 
sin? y-+ cos? z= | 


This system involves three unknowns and only two equations, but 
it is clear at once that in the first equation the left member > 2 be- 
cause we have a sum of positive reciprocals, while the right member 
< 2. Therefore, the first equation is equivalent to a system of two 
equations: 

tan? x-+ cot? x = 2 
sin? y= 1 


The system is no longer unusual for we have an ordinary system 
of three equations in three unknowns. What is more, it is exceedingly 
simple. From the two new equations and the second given one we im- 
mediately get tan? x= 1, cos*z= 0. And so the solutions of the given 
system are given by the formulas 


x= Z(Qk+1), y= S4ln, 2=54mn 


where k, J, m are arbitrary integers. 
8. Solve the inequality 


—|y|+*—-V¥+¥—T> 1 


~ To begin with, to solve an inequality in two unknowns x and y means 
to indicate all number pairs x, y such that when they are substituted 
into the given inequality it becomes a true statement. 

Such number pairs can obviously be indicated either directly, as 
given in the solution of ordinary systems of equations (in which case 
there may be an infinitude of such solutions, say, for trigonometric 
systems) or geometrically, by representing the region composed of 
appropriate points in the plane. This geometric method was employed 
in solving Problem 30 of Sec. 1.13. Here too it is natural to reduce the 
given inequality to a form such that its solutions can readily be 
represented in the plane. 

Rewrite the inequality as 


x—|y|>VeryP—l41 


It is now evident that any solution will satisfy the condition 
x—|y|20, and when this condition is fulfilled, both members of 
the inequality are nonnegative (in the domain of the variables) and 
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-we can square them to obtain an equivalent (in the same domain) 
inequality 
—x|y|>Ve+ Yl 

But in the region under consideration, x> |y|20, so that the left 
member of the resulting inequality is nonpositive, while the right 
member is nonnegative. It is therefore satisfied if and only if both 
members are zero: 


x|y|=0 and +y—1=0 


The first equation means that either x or y is 0. If x = 0, then from the 
condition x> |y | it follows that y= 0, and the pair x=0, y =0 evi- 


dently does not enter into the domain of the original inequality. - 


Consequently, y = 0, and from the second equation we get (noting 
that x>>0) x = 1. 

Direct substitution into the original inequality, shows that .the 
resulting pair x=1, y=0 satisfies it. It is interesting to note that 
although we were well set from the very beginning on a geometric 
representation of the solution, it turned out to be unnecessary for 
recording the answer. :; 

9. Find all pairs of numbers x, y that satisfy the equation 

cos x + cos y— COS (x+y=4 


First solution. The problem could of course be stated simply: solve 
the equation. This equation admits an almost standard solution which 
reduces, as we will presently see, to the solution of a trigonometric 
inequality. The first thing that comes to mind when we are confronted 
by a single equation in two unknowns is: try to express one unknown 
in terms of the other. Then, assigning values to one unknown, we 
would obtain the corresponding values of the other and the resulting 


pairs would be the solutions of the equation. The problem would 


then be solved. . 
Let us try to express y in terms of x. Our equation can be written 


in the form 
cos x -} 2 sin ($+y) sind => 


Clearly, sin (x/2)=£0 (or cosx==3/2) and therefore, 


3 
sin ($+y) aes 


2 sin 


We will consider this equation as an equation in y. It is solvable if 
and only if the right member is, in absolute value, less than or equal 
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to 1, that is, if 


are 
: <1 
2 sin ~ 

2 


Since 3/2—cosx>0, this inequality can be rewritten 


y—cos x <2] sin S 
But cos x=1— Qsin2 (x/2) and, denoting {sin (x/2)| in terms of ¢, we 

have the inequality 42 4t-+-1<0, which is only. satisfied for t= 1/2. 

Thus, the right member of this equation in y does not exceed unity 
(in absolute value) only when |sin (x/2)|= 1/2, that is when sin (x/2)= 
=-+1/2. It has no solution for other values of x. Let us consider sepa- 
rately the cases sin(x/2)=1/2 and sin (x/2) =—1/2. 

If sin (x/2)=1/2, then x=(—1)*n/8+2kn, where k is any integer. 
Then for arbitrary &, 


C08 x = cos [1 $+ 20] =+ 


and the equation at hand in y assumes the form sin (x/2+-y)=1, whence 
x/2-+y=n/2+2nn and therefore , 


Y= 2am +S —F = Inn + F—(— Ih — he 
We have thus obtained one set (group) of solutions of the original 
equation 
x= (—1)'2 4 2ka, y= F+(—1jett 2 + (On—k) a, 
n, k=0, +l, 4:2, oe 


In similar manner we consider the case of sin (x/2)=—1/2, which 
leads us to the second group of solutions: 


= (IS + bm, y= —F4 (1h 24 On— dyn, 
n, k=0, +1, +2, .., 


Note that the values of y would have been somewhat easier to find if 
we noted that the equation |sin (x/2)|=1/2 is equivalent to cosx==]— 
—2 sin®(x/2)=1/2, so that X=cbn/3-+2kn, 

Second solution. This equation admits of a different solution based 
on a suitable grouping. Taking advantage of trigonometric formulas, 
reduce the equation to 


4 cost tl 4 cos +4 cos au 1=0 
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- It is easy to complete the square of a difference in the first {wo term 
in the left member, The equation will then appear as . 


—y\2 Xm ; 
(2 cos * tos #54) + sin 4 =0 


It is quite clear that the last equation is equivalent to the system 


Sty ¥—y 
2 cos 5 = COS —5~ 
sin=>! =0 


From the second equation of-this system we have x—y=2kn, or y= | 


=x — 2kn, where k isany integer, Substituting the valueof y into the 
first, equation, we get 


2 cos (x —km) = cos kt 


Since cos(x—kn)=(—1)* cosx and coskn=(—1)é, it follows that 
cosx=1/2, that is, x=-t0/3-+ 2nx, where n is any integer. 

Thus, the solution of the original equation is given by the following 
pairs: 


x= 42n0, y= Zt2 (n—k) a, n, R=0, +1, +2, ... 


(in the formulas, take both upper signs or both lower signs). 

Note that the formulas obtained in this solution are quite different 
from those of the first solution, yet they describe one and the same 
set of pairs (x, y). True, it is not so easy to see this. 

Also, the second solution which looks so simple is based on an 
aptly found grouping, which in all cases is somewhat artificial and 
carries with it an element of conjecture. The first solution, on the 
contrary, follows a very natural idea and merely involves manipula- 
tional difficulties. 

The next problem reduces (depending on the approach chosen) 
either to the solution of a trigonometric inequality and then to a 
system of algebraic inequalities, or to the proof of a trigonometric 
inequality. Ingenuity is the keynote in both instances. 

10, Find all number pairs x, y that satisfy the equation 


: 1 \3 l 2 ae 
2 —_—_———. 2 ———aes = — 
(sin x+y) +(cos x-+ mat, 12+ x siny 


First solution. The idea behind’ this solution is the same as in the 
first solution of the preceding problem. Let us try to express y in 
terms of x. We have an equation in y: 

siny =2 (sin? x- ara) +2 (cos*x-+-sarz | —24 


$ cos? x 
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To solve this equation it is necessary that the right member not exceed 


unity in absolute value. — 
We transform the right member to 


Z ( sin‘ x+ \4+442 (cost x-+ ==) +4—24 


sin? x 
= 2(sin‘ x-+ cos* x) (1 tamreg) = 1 
=2(1—2sin* xcost x) (1+ sarzesary ) 16 
by 16 
er; (1—Fsin® 2x) (1 +aarm)—16 


Denoting sin? 2x by z for brevity, we get a double inequality that 
ensures the solvability of the original equation: 


1 16 
—1<2(1-4) (14+3)-16 <1 
After the necessary manipulations we get the following system of 
two inequalities: : 
2° + 1527+ 16z—32>0 
23 -+ 132? -+ 16z—32 <0 
Although the first inequality is cubic, the solution is readily obtai- 
ned by grouping the left member: 
28— 1] +.152?.-— 15 -+ 16z— 16 = (z—1) (22+ 162 + 32) 
It is reduced to the form a 
(z—1)[z—(8—4V2)|[z—(8+4V2)] >0 
Solving this inequality (say by the method of intervals), we obtain 
1<z<8—4)V2, 2>844V2 


However, z=sin?2x<1, so that only z=1 is the solution that 
interests us. Direct substitution shows that this solution also satis- 
fies the second inequality, which means it is a solution of the system. 
- Thus, the equation in y which we wish to solve has a solution only 
when z=sin?2x=1. Putting 2=1 into the equation for siny and using 
the transformed right member 


siny=2(1—4) (1+3)—16 
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we get sin y=1, and so the original equation is thus reduced to the 
system of equations 
sin? 2x = | 
siny=1 


whose solutions, as can readily be seen, are pairs of the form 
ra, y= 5 +2na, k, n=0, +1, +2, ... 


There is a still shorter way of solving the above system of algebraic 
inequalities, though it is less natural. Namely, since z=sin® 2x, 
then O<z<l, and, hence, 


22+ 1522-+ 16z—32 <1+15-++ 16—32=0 


or the left member of the first inequality is nonpositive and obvi- 
ously equal to zero only when z=1. Thus, when 0<z< 1, this ine- 
quality is satisfied only for z=1. The second inequality is valid for 
z=1. It is of course more difficult to discern such a solution. 


Note also that the success of the foregoing solution of the cubic 


inequality, which involves factoring out z—I, is ensured by the apt 
substitution z=sin? 2x. If in place of z we had introduced a new variab- 
le by the formula f=sin? xcos?x, the resulting inequality would have 
been more complicated: the left member would contain the factor 
t~1/4, which would have been more difficult to guess. 

Second solution. Transforming the left member of the given equation 


as in the first solution, we get 
(2—sin*2x) (1-+gargg) =16-+siny 


But Q—sin?2x>1, 1+-%8—->1416=17 and both inequalities 
become equalities for sin?2x=1. Therefore the left member of our 
equation is at least 17 and the right member is clearly not greater 
than 17, Thus, the original equation is equivalent to the system 


sin? 2x=1 © 
siny=1 


which we obtained in the first solution. 

Though the second solution is shorter, the first one is more natural, 
for we immediately comprehend the objective of each argument. 
The second solution makes use of a nonstandard procedure, a compar! 
son of the values of the left and right members of the equation. 

In the next equation in two unknowns it is clear that we cannot 
express one of the unknowns in terms of the other, but have to resort 
to quite different reasoning, again involving inequalities, 
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11. Find all number pairs x, y that satisfy the equation 
tan*x + tan*y 4-2 cot? x cot? y=3-+ sin? (x + y) 


Consider the left member, Taking advantage of the inequality a* 
-+b'> 2a*b*, which evidently is true for arbitrary values of a and 9, 
we get the inequality 


tan’ x -+ tan* y >> 2 tan? x tan? y 
equality occurring only when tan? x=tan?y. Furthermore, 
tan? x tan? y -+ cot? x cot? y > 2 


as the sum of positive reciprocals, equality occurring only for 
tan*x tan? y=1. Thus, the left member of our equation is greater than 
or equal to 4, the number 4 occurring only when the following equati- 
ons are valid simultaneously: 
‘tan? x = tan? y 
ian? x tan? y = | 

On the other hand, sin?(x-+-y)<1, and, hence, the right member is 
less than or equal to 4. 


Thus, the original equation is satisfied if and only if both members 
are equal to 4, which occurs when x and y are solutions of the system 


tan? x = tan? y 
tan? x tan? y = | 
sin? (x + y)=1 
From the first two equations we have tan?x=tan?y=1, that is, 


tanx=-t1, tany=-t1, and all four combinations of signs are possible. 
Then the angles x and y can be written in the form 


x= (2k+-1), y= (2n-+ 1) (k, n arbitrary integers) 


Of these angles we can choose those which satisfy the third equation 
of the system. To do this, we substitute them into the third equation: 


1 if R+n-+1 is odd, 

0 if k+n-+41 is even 
From this it follows that, of the solutions of the first two equations, 
we have to take the pairs k, n such that the sum &-Ln is even, k+n= 
=2m, i.e., n=2m—k, where m is any integer. ‘ 


And so the solutions of the given equation are pairs x, y of the 
form ; 


x= (2k+1), y= (4m—2k-+ 1) (m, k any integers) 


sin? (ety) =sin® (kent 1) =| 
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It is best to regard this solution as a rough solution and recast it 
‘jn a logically more clear-cut final version. This can be done, say, as 
follows. Reduce the left member to the form 
tan*x-+ tant y + cot? x cot? y 
== (tan? x—tan? y)?-+ 2 (tan x tan? y + cot? x cot? y) 
= (tan? x—tan? y)?-+ 2 (tan x tan Pore ues y)+4 


Then the equation becomes 
(tan? x— tan? y)?+ 2 (tan x tan y—cot x cot y)? + 1 = sin? (x-+- y) 


The left member of this equation is greater than or equal to unity, 
the right member is less than or equal to unity. Therefore the equation 
js satisfied if and only if both members are equal to unity, that is, 
when x and y are solutions of the system - 
tan? x— tan? y=0 
tan x tany—cot xcoty=0 
sin? (x-+y)=1 


This system is solved in the same way as in the rough solution. 


Exercises 
Solve the following equations, inequalities and systems: 
1. 2*lesinx?. 2 gl sin Vx l=} cos x]. 


3. x2==—cosx. 4, 3x2=1—2cos x. 

5. 2 cos (x/3) = 2* +2-%, 

6. Show that the equation asin? ~ sint Saat 45 does not have a solu- 
tion. ‘ 

7, 8 —x-2¥ + 23-*%¥—y=0, 


8, log? x-+(x—1) log, x= 6—2x. 


9, x-2¥ =x (3—x)+2(2*—~1). 
10. x¥= 10*-*? x > 0. 
11. 2 4(rf 1) sin ats, —2ox* <0, 


12. rosin 1 sin, Ocx<l. 


13. 5x*- 5y? + 8xy + 2x — 2y- 2==0. 
14. x?-+-4x cos xy +4=0., 


Jcotxy| _ 
15. ros! a == logs, (9y?— 18y+ 10) +2 
1 
16. log, (cost Yet ay _)= powyto 


17, tan? n (x+y) + cot? a (x+-y)= Vr5 +1. 
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2 
18, logs lax} +108 x1 3 = Sar ep yea In PD LD 
19. tan? x--2 tan x (siny-+-cos y) + 2=0. 
20. 2 VY 2(sin x-+cos x) cos y=3-+-cos 2y, 
21. cosx—y2?— Vy—x?— 1 0. 
22, —x—y?—-V x—-y’—-lS—l. 
23. cos x==— 1/3 24, sin x==— 2/5 
tanx=2)V2. cot x=— 3/5. 
25. 2 (xt—2x? +3) (y+ —3y?-++4) = 7. 
Find the real solutions of the following systems: 


26. xty+z==2 27, x+y? 1-22 =a? 
Qxy—z*==4, x8 3-4 23 = 93, 
28. For which values of the parameter a does the system of equations 
Py =z 
x+y+2=a 


have a unique solution? 


29. Find all the values of the parameters a and 6 for which the equation 
(x?-.5)/2=x—2 cos (ax+-6) has at least one solution. 


4.3 Problems which are standard in aspect but are solved by nonstan- 
dard methods 


The methods used in Sec, 4.2 for solving problems which are non- 
standard in aspect (their employment there is absolutely necessary) 
can successfully be utilized in the solution of the most ordinary prob- 
lems solved by the usual methods. Quite naturally, as a rule these 
methods offer a shorter and more elegant solution. 


For instance, after Problems 5 and 6 that we discussed in Sec. 4.2, 
it is possible to solve the equation sin*x-+cos?x=1 orally, whereas 


solving it in the ordinary way requires rather lengthy computations. 
Here are some more examples. 


1. Solve the inequality 
Vsinx+Vcosx> 1 


The domain of this inequality consists of the values of x such that 
simultaneously we have sinx>>0 and cosx 0. Since, besides, 
sin x <1 and cosx<1, then, by the property of powers, 


Vsinx>sin?x, Vcosx>cos*x 
Combining these inequalities, we get 
Vsinx-+Vcosx>1 
equality occurring only when we simultaneously fave 


Vsinx=sin?x and Wcosx=cos?x ~ 
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Arguing as in Sec. 4.2, we readily see that these equations are simul- 
taneously satisfied only when x=2kn and when x=n/2+2kx, and 
thus the original inequality is valid for all values of x in the domain, 
with the exception of the values just indicated; that is, for all x such 
that simultaneously 


sinx>0. and cosx>0 


The common solution of these two inequalities and, hence, of the 
original inequality is ; 


Oka <x< S49, k=O, £1, £2 0 


By way of comparison, we give the ordinary (standard) solution of . 
the given inequality. Its domain is defined by the inequalities 
sin x>>0 and cosx>>0. Both members of the original inequality are 
positive and therefore after squaring we get an inequality equivalent 
in the domain of the variable to the original one: 


sin x+-cosx-+2Vsinxcosx > 1 


Since 2 sinx cosx= (sinx-+cosx)*—1, then by replacing sin + cosx 
by w for brevity we get 


Vie—5> l—u 


Since the left member of this inequality is nonnegative, it is automati- 
cally satisfied for w>1, that is, all values u>1 are solutions. 

Now considering the values u<1, we again have an inequality 
with nonnegative members. Squaring, we get (after some manipulating) 
the equivalent inequality u?+-2u-— 3>0, whose solutions are w<— 3 
and u>>1. We consider the case u<1 and so we need only retain the 
inequality u<—3. 

And so the inequality V 2u2—2> 1—whas the solution «> 1 (from. 
the first case) and w<—-3, But u=sinx+cosx=V2_ sin (x-+m/4) 
cannot be less than — 3 and so it remains to solve the inequality 


sinx-+cosx>1 


In the domain of the original inequality, sin x + cosx2>0; therefore, 
after squaring both members of the inequality we get the equivalent 
inequality sinxcosx>0, which is valid for all x in the domain, 
except those for which sinxcosx=0, that is for values of x in the 


intervals N 


Qkn << xc<ztekn k=O, $1, +2, o, 
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It is clear then that the first solution is much shorter, to say nothing 
of the fact that it is more universal in the sense that it-is, for instan- 
ce, inessential that both roots in the inequality be square roots; they 
could even be of different degrees. The “standard” solution in this case 
would have come up against insuperable difficulties. ; 

The usefulness of nonstandard methods in the problems given so 
far uy solely in their brevity; we could easily have dispensed with them 
entirely. 

The tial aspect of the equations in the preceding section is 
actually a hint that tells us to seek unusual methods. A more treache- 
rous problem is one in which the form is standard, ordinary, yet the 
problem is not amenable to ordinary methods. When dealing with 
such problems, we are never sure whether our approach is faulty or 
whether they indeed require certain nonstandard reasoning. 

We will now investigate a number of solutions pertaining to the 
next two problems and show how multifarious certain nonstandard 
methods can be and what diversified ideas can underlie them. 

2. How-many roots has the equation sinx-+2sin2x=3-+-sin3x on 
the interval O<x¥<cm? 

First solution. This appears to be a very standard type of equation 
and the natural thing from the very start is to attempt to solve it by 
orthodox methods, for example, by reducing it to one function, say 
to sinx. 

Using the formulas of the sine of a double and triple angle, we get 
the equation 


Asinxcosx=3+3sinx—4 sin? x—sinx 
An unpleasant pitfall already awaits us: in order to express cos x 
in terms of sin x without irrationalities, we have to square the equa- 


tion and take the risk of introducing extraneous roots. As a result we 
get the equation 


16 sin? x (1 —sin? x) = (34-2 sin x—4 sin’ x)? 
which, after replacing sinx by y and some simple manipulations, 
reduces to the form 
16y° — 24y?— 12y?+ 12y1+9=0 


The resulting sextic equation suggests that we will have no end of 
trouble. True, we might still attempt to seek a suitable grouping of 
terms; combining the first, second and last terms, we represent the 
equation in the form 


(4y°—3)? + 12y(1—y) =0 


But y=sinx and 0<x<1m by hypothesis, so that we only need the 
toots y such that O<y <1, However, for these y the second term in 


SOS ee 
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.the left member is nonnegative, while the first term is nonnegative 


for any y, and therefore the equation is satisfied only for those values 
of y for which, simultaneously, 4y3— 3=0 and 12y(1— y)=0. Since 
obviously no such y exist, the equation has no solutions on the inter- 
val 0<y<I1 under consideration. From this we conclude that neither 
does the original equation on the interval O< xn. 

This approach, which at first appeared to be quite standard, was 
successful solely because of an apt grouping. We will see below that 
this was probably the least suitable approach of all. 

Second solution. This solution is also based on an apt grouping of 
terms that results after a few trigonometric transformations, 
Rewrite the given équation as : 


sin 3x—sinx—2sin2x+3=0 


and transform the left member; it is 
2sinxcos 2x—4 sin xcosx+3 
= sin x (2 cos 2x—4 cos x) +3 
= sin x (4 cos? x—4 cos x—2)+3 
= sin x [(2 cos x— 1)?—3] +3 


We thus get the equation 
sin x (2 cos x—1)?+-3(1—sin x) =0- 

We need solutions only on the interval O<x<x, and the inequa- 
lity sinx>>0 holds true on this interval. Therefore both terms in 
the resulting equation are nonnegative and so it is equivalent to the 
system of equations ; 

sin x (2cos x—1)?=0 
3(1—sin x) =0 

From the second equation of the system we have sinx=1. But then . 
cosx=0 and sinx(2 cosy —l)?=1540. Therefore not a single .solu- 
tion of the second equation is a solution of the first, and, hence, the 
system (and so also the original equation) does not have any solutions, 

Third solution. Write the equation in the form 


sinx—sin 8x-+2sin2x=3 
Using the formulas of the difference of sines and the sine of a double 


angle, we get the equation sinx(—4 cos*x +4 cosx -+ 2)=3. Since 
sin x5£0 for the roots of this equation, it is equivalent to 


, _ 3 
~—4 cos? x-+-4 cos ¥-+ 2 = s> 


Regarding the trinomial y=—4cos*x-+4 cosx-+2 as quadratic 
in cos, it is easy to see that its maximum value is equal to 3 and is 


28-—3480 
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attained when cosx==1/2. On the other hand, we have, on the interval 
O<x<cn, the inequality O<sinx<1, so that 3/sinx >3, equality 
being attained only when sinx=1. This means that our equation is 
only satisfied when cosx=1/2 and sinx=1 simultaneously. But this 
is clearly impossible and so the equation at hand does not have any 
solutions. 

It will be noted that in all the previous solutions an essential ele- 
ment was the fact that sinx>>0, since the roots were only sought in 
the interval O<x<a. However, this condition is given solely to 
simplify the problem, for the solution can be obtained without this 
restriction. Namely, we will prove that the given equation has no 
roots such that sinx<<O. 


Indeed, if sinx<<0, then 
sinx-+2sin2x<0+2=—2 

and 
3+ sin 3x > 34(—1)=2 


That is, the left member of the original equation for all values of x 
is strictly less than 2, whereas the right member is greater than or equal 
to 2 for all values of x. This is made evident also by means of simple 
identity transformations: represent the equation in the form 


sin x= 2 (1—sin 2x) +1-+ sin 3x 
The right member is nonnegative, whence it follows that sin x>>0. 
Thus, the given equation has no roots x for which sinx<0; earlier 
it was proved that there are no roots x for which sin x>>0. Hence, 
the original equation does not have any roots at all. 
Fourth solution. This solution is the shortest one of all and is car- 


ried through irrespective of the restrictions imposed on x, Rewriting 
the equation in the form 


sin x— sin 3x-+2 sin 2x=—3 
or, what is the same thing, 
—2sinxcos 2x4-2sin 2x=3 
we can write the following chain: 
| —2sin x cos 2x -+ 2 sin 2x|<|—2sin xcos 2x| 
+] 2sin 2x|=2|sin x|| cos 2x|+2|sin 2x] 
< 2 (| cos 2x|-+-] sin 2x|) 


| Since |cos2x|+-|sin2x] <V2 for arbitrary x (this can be proved 
in a very simple fashion by removing the absolute-value signs or, 
still more simply, by squaring), the left member of the last equation 
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does not exceed 2/2 in absolute value and, hence, cannot be equal 
to 3. ; 

’ In the next problem, which outwardly is a very ordinary one, stan- 
dard procedures fail. For instance, in an attempt to obtain an equation 
in sinx, we arrive at an equation of degree seven. 

8. Solve the equation 


sin? x ++ sin? 3x = sin x sin? 3x 
First solution. Write the equation 


, i : 1. 
sin? x— sin x sin? 8x-+--> sin? 3x == 0 


and, considering the left member as a quadratic trinomial in sin x, . 


isolate the perfect square to get 
(sin x— sin? 3) +5 sin? 3x (1 —sin® 3x) =0 
or, what is the same thing, 
(sin x—5 sin? 3x) + 7g sin® 6x =0 
This equation is clearly equivalent to the system of equations 
2 sin x= sin? 3x 
sin 6x=0 


The solution of the second equation is the set of values x=kn/6, 
where & is any integer. Of this set, we choose those values that satisfy 
the first equation. To find the corresponding values of k, substitute 
x=kn/6 into the first equation to get : 


Sesh ca BE. if & is even, 
2 | q if & is odd 
Let us now consider separately the cases when & is even and when 


it is odd. If & is even, we must have sinkx/6=0; this occurs when 
kn/6=mn, where m is any integer. Thus, of all even values of & only 


the numbers k=6 m, where m is any integer, are suitable. If& is odd, © 


we have to have sin kalb=+ this is valid for Rn/6=(—1)"2/6+ 


--mn, where m is any integer. Of the odd values of k, we can only use 
the numbers k=(—1)"+-6m, where m is any integer. 
Thus, the solutions of the original equation are the values of the 
following sets: 
t=mn, x=(—1)"20/6-+-mmn (m any integer) 


28" 
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A very simple solution of this system is this. The second equation 
separates into two: sin3x=0 and cos3x=0. If sin3x=0, then from 
the first equation we get sinx=0, that is, x=An. These values of 
x are solutions of the system. But if cos3x=0, then sin?3x=1, and 
from the first equation we have sinx=1/2. The solutions of this equa- 
tion x=(—1)*n/6-+ka are clearly solutions of the system. These two 
sets constitute the solution set of the original equation. 

Comparing this reasoning with the preceding arguments, we note 
that the very unnatural separation of the simple equation sin6x=0 
into two proved more effective than the natural approach involving 
its solution and the subsequent selection of roots. 

Second solution. First of all, note that if sin?3x—0, then from the 
equation it follows that sin x==0 and it is easy to verify that all roots 
of the equation sin x0, that is, x=kn, where & is any integer, sa- 
tisfy the equation. But if sin? 3x50, then the left ‘member of our 
equation is positive and, hence, sinx>0. 

Now transpose everything to the left side of our equation and com- 
plete the square in the sum of squares, and do it in two ways: to obtain 
the square of a sum and the square of a difference. Then consider the 
equation in two forms: 


(sin xy sin 3x)"-+sin x (— sin 3x—sin? 3x) =0 


and ; 
(sin x—7 sin 3x) ++ sin x (sin 3x—sin? 3x) =0 
We consider the two cases separately. 
(a) sin 3x> 0. Then sin 8x>sin* 3x and, hence, both terms in the 
second form of the equation-are nonnegative, that is, x must satisfy 
the system 


sin x—tsin 38x = 0 


sin x (sin 3x— sin? 3x) = 0 


But sinx0, so from the second equation of the system we have 
sin 3x — sin? 3x=0. By Condition (a), sin3x 540, whence we therefore 
have sin3x=1; and so from the first equation, sinx=1/2. Thus, we 
‘have to solve the system 


tro] — 


sinx = 
sin 3x= 1 
But if sinx=1/2, then sin3x=3sinx— 4sin’x=1, that is, any so- 


lution of the first equation is a solution of the second equation, and 
the system reduces to the first equation, Thus, its solutions are the 
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angles x in the set 
x= (—1)* 2+ kn, where k is any integer. 
(b) sin3x<<0. This case is handled in the same way as the preceding 


case, but here we make use of the first form of our equation. This case 
does not yield any new solutions. We can therefore write down the 


solution of our equation as 
x=kn, x=(—1)' 5+ An, where & is any integer. 


This same solution can be carried out in more compact form if we 
make use of absolute values. Our equation can then be represented as 


(sin Lm | sin 3x|)'-+sinx( sin 3x|—sin® 3x) =0 


But sin?3x< |sin3x| and therefore both terms are nonnegative so 
that we have the system ; 
sin x—|sin 3x|=0 
sin x (| sin 8x ]— sin? 3x) =0 


The rest of the solution is similar to the preceding case. 

Third solution. Noting first of all that the given equation implies 
sin x>>0 and is satisfied for sinx=0, or for x=kn, we will henceforth 
consider that sinx>0. 


Suppose that our equation is satisfied by some number « and we 

rewrite the equation as 
sin? x = sin® 3x (sin aa 
Since sin?x 0, it follows that sin’3x5&0 and, hence, sinx— 1/4>0, 
But then, multiplying the inequality sin’8x<1 by the positive ex- 
pression sinx — 1/4, we get the inequality. ; 
sin® 3x (sin x—7) < sin iF 

equality being attained only when sin? 3x1, Hence, the inequality 


; : 1 
sim x sinx— 7 


should also hold true or, what is the same, the inequality (sinx— 
—1/2)?<0, which is valid only when sinx=1/2, 
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Thus, if some number x satisfies our equation, then it satisfies the 
system 


sin? 3x = | 
: 1 
sin x= 


The converse is obvious: if x satisfies this system, then, substitu- 
ting sinx=1/2 and sin’ 3x=1 into the original equation, we see that 
it too is satisfied. Thus, the given equation is equivalent to the system 
obtained and this system is solved in the same manner as the prece- 
ding ones. 

This same mode of solution could be worked out somewhat diffe- 
rently. Namely, noting that sinx—1/4>0 and adding —sinx+-1/4 
to both members of the equation sin?’x=sin? 3x (sin x— 1/4), we obtain 
the equation 

2 
(sin x5) = (sin? 3x— 1) (sin x=) 
The left member is nonnegative, the right is nonpositive, and so the 
equation is satisfied if and only if both members are zero. This yields 
the already familiar system. | 

Fourth solution. Divide the equation through by its right member, 
but, so as not to lose any roots, first be sure that it is nonzero. Consi- 
dering the case sinx=0, we get the roots of the original equation 
x=kn, where k is any integer, and for sin3x=0 we again obtain sinx= 
=(0 from the equation so that we will have the very same roots as 
those just found. 

' Noting, as before, that sinx>0, we will henceforth consider that 
sinx>>0. We can now divide: 


a 


sin x 1 
sin? 3x F sinx I 


Both terms in the left member are positive and so we can apply the 
inequality between the arithmetic mean and the geometric mean: 


sin x 1 1 
sin® Beta sin x ee Vi sin? 3x [sin 3x | 2! 
In the first weak inequality, equality is attained only when sin = 
1 ~ 
1, ; 
=Fsiny in the second, when |sin3x|=1. Therefore the left member 


of the equation is equal to unity if and only if both weak inequalities 
_ turn into equations, that is, if the following system is valid: 


4 sin? x = sin? 3x 
| sin 3x]= 1 
This system is then easily solved, 
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Fifth solution. Noting that sinx>20, we write the following chain - 


of inequalities 
: 1. : : : ty 
sin? x-+- 7 sin? 3x >| sin x || sin 8x|> sin x sin? 3x 


alist we make use of the inequality a?-+b?> 2 |a||®| for a=sinx, 
b= > sin3x and of the fact that |sinx|=sinx and |sin3x|2> sin? 3x.) 


Therefore, our equation is satisfied if and only if both weak inequali- 
ee become equations, which occurs when we have the following sys- 
em: 
sin x= | sin 3x| 

sinx|sin3x|=sinxsin?3x ~ : 

The second equation is satisfied in the following four cases: 

sinx=0, sin8x=0, sindx= +! 

In the first case we have the values x=kax, which are also solutions of 
the first equation of the system, that is, of the original equation as 
well. The second case, upon substitution into the first equation, leads 


to the same solutions. The third and fourth cases yield the solution 
x=(—1)*(n/6)+ka, R=0, $1, 22,0506 | 


Exercises 
Solve the following equations and inequalities. 


ie : 
i Vat V eee 
x2 -+4-4x-+- 2 x? — 2x —2 
Viet /Wara2 4 Vite+Vi-*xe1 
. Voe—14 V 3x—2 > Vie—3+ Vora 
sint'x-+cos8x=1, 7. Y sin 2x-+ V cos 2x=1. 
| Vane Vcote= V7. | 
V 2-+ cos? 2x = sin 3x — cos 3x. R: 


0. V5-- sin? 3x=sin x42 cos x. 


rrnan » 
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Very considerable difficulties of a logical nature are ordinarily 
caused by equations, inequalities or systems containing parameters, 
in which it is required to find the values o 
certain supplementary requirements are fulfilled (say, the equation 
has a unique solution or, contrariwise, is satisfied by all admissible 


f the parameters for which ~ 
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values of x, or every solution of one system of equations is a solution 
of another system, or every solution of one inequality is a solution of 
another, and the like). 

This type of problem is probably the most difficult, for it requires 
a high degree of logical culture. The student must at every step clearly 
realize what has been done and what still remains to be done, and 
what the results obtained signify. 

1. For what values of a does the equation 1+-sin? ax=cos x have a unique 
solution? 

It is clear that sin? ax cannot, for arbitrary values of a, be expressed 
in terms of sin x and cos.x. For this reason, the equation at hand cannot 
be solved by ordinary methods; a new idea for the solution is needed. 
The underlying idea will be similar to those employed in Sec. 4.2. 

Due to the fact that we have the inequality cosx<1<1-+sin2 aX, 
the original equation is valid if and only if one of the following sys- 
tems of equations is fulfilled: 


1+-sin?ax = | sin ax =0 
cosx==1 OF cosx= | 


We thus have to solve the last system and investigate for which values 
of a it has a unique solution. Since the original equation is equivalent 
to this system, the values of a thus found will be the required values. 

Here is where the most serious logical complications begin. It is 
precisely at this point that we see which student understands the 
problem and which merely performs the manipulations without rea- 
lizing what he is doing and why it is necessary. ; 

Here is an instance of one student’s solution of the system: 

“ax= tk, x=2un, ann=axk, a=” 
i ft 
That and nothing else! Not a single word, merely the equation a= 
=k/(2n) was underlined and this was apparently taken to mean the 
answer. This is no solution of course. 

We now give a real solution, which repeats the manipulations of 
the preceding “solution” but is supported by arguments that were 
lacking there. 

The solutions of the first equation of the latter system are 


ax=kn, k=0, +1, +2, ... 
The solutions of the second equation are also obvious: 
x=2nn, n=0, tl, +2, ... 


We need x such that satisfy simultaneously both equations, that is, 
we have to find the numbers & and n for which we obtain one and the 
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same value of x for both sets. Thus, we have to solve one equation in 
two unknowns # and & (and also with the parameter a): 


2ann = kn (1) 


It is obvious that for any a the number pair n==0, k=0 is a solution 
of this equation. To it corresponds the root x=0. Thus, for arbitrary a 
the original equation has the solution x=0. Ifn=40, then equation 
(1) can be rewritten 


a=k/(2n) (2) 


Now let us recall our basic problem: not to solve the equation but 
merely to determine for which values of a it has a unique solution. Now 
any pair of numbers k’ and n which satisfies Condition (2) will yield | 
a solution of the original equation x=21n=mk/a. Since for arbitrary 
a we have already found one root of the original equation (x=0), we 
must now seek values of a for which no integers k and n exist such that 
relation (2) is valid. Clearly, if a is irrational, then no such k andn 
exist. The first result is obtained: if a is an irrational number, then the 
given equation has a unique solution. 

Is the problem solved? Of course not, since we have not yet investi- 
gated the rational values of a. However, if a is rational, that is a= 
==p/q, then it can be written in the form a=(2p)/(2q) and in equation 
(2) we get the solution k=2p, n=gq. Hence, in this case, with the ex- 
ception of x=0, there will at least be one solution (actually there ~ 
will even be infinitely many). To summarize then: for a rational, 
the original equation has more than one solution. The problem is solved. 

All these steps are needed so as to solve the problem for ourselves 
and obtain the answer. This might be called the rough solution. We 
now show what the final version might !ook like. 

Obviously, x=0 is a root of the equation for any a. We will demon- 
strate that for a irrational there are no other solutions and for a ra- 
tional, there are. Indeed, first suppose that a is irrational. From the 
inequalities cosx<1<1+sin2ax it follows that x is a solution if. 
and only if the following system is satisfied: 


1+ sintax=1 _ sinax=0 
cosx = | that is cos x = | 


If x40 is a solution of the last system, then, firstly, av=nk, k an 
integer, and, secondly, x=2nn, n an integer, 20. But then 2ann= 
==nk, whence a=k/(2n), that is to say, a is a rational number, which 
runs counter to the assumption. Now let a be rational, a=p/q. Then 
x=2nqg will clearly be a solution and, moreover, one different from 
zero. Thus, the given equation has a unique solution if and only if 
the number a is irrational, 
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This problem can also be solved graphically, We assume that a=40, 
since for a=0 the equation clearly has an infinitude of solutions. Let 
us rewrite our equation thus: ~ 


sin? ax = cos x— | 


and denote 

y,=cosx—1, y= sin? ax= 1008 2ax 
We draw both graphs on one drawing (Fig. 168). The original equation 
clearly has a solution if and only if the graphs of the functions y, and 
y, have a point in common. 


Fig. 168 


It is evident from the drawing that for arbitrary a there is a point 
of intersection of the graphs: x=0, The drawing also shows that sub- 
~ sequent intersection of graphs is only possible at points where both 
curves touch the x-axis, that is, at points where, simultaneously, 
sin? ax==0 and cosx=1. But sin?ax=0 for ax=nn, where n=0, -L1, 
+2,... and cosx=1 for x=2kx, where R=0, +1, +2,.... There- 
fore the point x=0 will be the sole meeting point of the graphs only 
when 2akn 54 nn for no nonzero integers n and &. In other words, we 
have shown that there will be a unique solution only when a-4n/(2k), 
where n and k are nonzero integers. Then, as before, it is demonstrated 
that this occurs only when a is an irrational number. 

In solving problems involving parameters, one often reasons as 
follows. Let a parameter a be some fixed number that satisfies the con- 
dition of the problem; such values of a will be called suttable. We then 
derive consequences from the statement of the problem and assump- 
tions concerning a. We thus obtain certain conditions which the sui- 
table values of the parameter must satisfy. The values of the parame- 
ter which do not satisfy these consequences are automatically classed 
as unsuitable, and we have only to consider the values of the parame- 
ter that satisfy the consequences obtained. In particular, if these con- 
sequences are satisfied solely by certain concrete values, then the prob- 
lem reduces to a verification of these values. 

2, Find all the values of a for which the system 


2i*l+|xj=y+txwvta 
et yes |} 


has only one solution (a, x, y are real numbers). 
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_In accordance with the above, we first assume that a is some suitable 
number, that is, a number that satisfies the statement of the problem. 
In other words, for this value of a the given system of equations has . 
exactly one solution; denote it by (xo, yo). But it is easy to notice that 
both equations of the system remain unchanged upon replacing x 
by —x,. which means that the pair (—%, yo) is also a solution of the 
system for the value under consideration. The original assumption, 
however, was that the system has a unique solution with respect to a, 
There is only one way out, (xo, yo) and (—%o, Yo) are one and the same 
pair. This then simply means that x»=—xo, that is, X=0. So far this 
reasoning does not yield any information about yo. But if we put the 
solution (0, yo) irito the original system, we get the equations 


1 =Yo+ a, y= 


whence it follows that y is equal either to 1 or to —1; accordingly, a 
is equal either to 0 or to 2. 
We have thus demonstrated that ifa isa suitable number, then 
either a0 or a=2. It must be stressed that the foregoing reasoning 
has in no way proved that the numbers 0 and 2 are suitable. Quite 
the contrary, that is precisely what we must now find out. - 
We first consider the value a=0. In this case we have the system 


2iel+e | xp=y +x? 
y = 


If we can prove that this system has a unique solution, then this will 
signify that the value a=0 satisfies the condition of the problem. 
Note that the value a=0 was obtained above when we substituted the 
pair (0, 1) into the original system. It is easy to verify that this pair 
does indeed satisfy the system (3) and, thus, for a=0 the original sys- 
tem already has one solution. Now let us. find out.whether (8) has any 
other solutions, 

This system is not solvable by ordinary procedures: We will have 
to reason in a special way. From the second equation of the system it 
follows that |xl<1, ly|<1, whence x*< |x| and yl. Besides, 
9\1 > 1, since |x|>>0. From all thesa inequalities we get 


del |xl>l+apyte 


and, hence, the first equation is satisfied only when equality occurs 
in both weak inequalities; that is, when 


Qivl1, |x[=2, y=l 


and this is true only for x=0, y=1. Thus, for a=0 the given system 
has the unique solution of (0, 1). ar 
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We now consider the value a=2. In this case we have the system 
2'e-+ [x] =y+e+2 
+ y=] 

As before, we note that the pair (0, —1) is a solution and again we 
have to find out whether there are any other solutions. But by substi- 
tuting x=1, y=0, we are assured that the pair (1, 0) is also a solution ' 
of the system and, hence, for a=2 the system has more than one so- 
lution. 

To summarize then, the given system has a unique solution for 
a=0 alone. 

The foregoing solution requires a remark or two, not of a 
mathematical but rather of a psychological nature. As so often happens, 
the solution is easy to understand, but how is it found? There is of 
course no cutand-dry answer to that. 

In our solution there are three possible guesses. 

Firstly, we noticed that the system does not change upon replace- 

ment of x by —x. This was an essential hint. Anyone with some idea 
about the evenness and oddness of a function and with some experi- 
ence in handling functions would realize this, 
_ Secondly, we started out by working system (3) by nonstandard 
procedures using inequalities. This conjecture is somewhat more 
complicated, but the examples of earlier sections showed us that it 
is often necessary to employ inequalities in equation solving. 

Finally, we realized that for a=2 the original system has yet ano- 
ther solution: x=1, y=0. We therefore tried simply to pick a solu- 
tion, and it worked out. This approach proved successful merely due 
to the existence of “good” integral solutions. In certain cases, such a 
choice is the only possible route for solving a problem. 

3. Find all the values of a and b for which the system 

xyz-+2=a 
xyz" -|- 2 = 5 
Ey bad 
has only one solution (a, b, x, y, z are real numbers), 
_ Let (a, 6) be a suitable pair of values of the parameters and (Xo, 

Yo, 2) the corresponding unique solution. It is readily seen that the 
system remains unchanged if, simultaneously, we replace x by —x 
and y by—y. This implies that the triple x, —yo, 2) is also a so- 
lution of the system and, as in the preceding problem, we conclude 
that %=y)=0. Substituting the triple (0, 0, 2) into the system, we 
~ get 29=a, 2=b, z22=4, whence z,=--2 and a=b=-+4-2, 

Thus, if the pair (a, 6) is suitable, then either a=b=2 or a=b= —2. 
Again, as in the preceding problem, we have to establish whether 
- these pairs of values of the parameters are suitable or not, 


4.4 Problems involving logical difficulties 


445 
‘For a=b=2 we have the system 
xyz+2 =2 
xy2+z =2 


PLP +e=4 


one of the solutions of which, as can readily be verified, is x=0, y=0, 
z=2, From the second and first equations it follows that xy (2?— z)=0. 
If x=0, then from the second and third equations we get z=2 and 
y=0. We already know this solution. The same solution is obtained 
if y=0. : 

We will now assume that 2—z=0, i.e., z=0 or z=1. However, 


when z=0 we see that the first two equations are contradictory, and 
for z=1 we get the system 


xy=1 

B+ yas 
which, as it is easy to see, has four real solutions. Thus, for a=b=2 
the original system has five solutions, and therefore the pair a=b=2 
is not a suitable one. 


Now let a=b==— 2. We have the system 
xyz+2=—2 
xy2?+-z=—2 
V+ pe=4 

one of the solutions of which, as we can readily see, is.x=0, y=0, 
z== — 2, Reasoning as before, we see that the system does not have any 
other real solutions and so for a=b=— 2 the original system has a 
unique solution, which means this pair of values of the parameters is 
suitable. 


Hence the condition of the problem is satisfied only by the values 
a=b=— 2. 
4, Find all the values of a for which the system 


(x? 1)¢+ (+ 1 =2 

a-+bxy+x7y=1 
has at least one solution for any value of b (a, b, x, y are real numbers). 
Let a be a suitable value of the parameter, that is, a value for which 
the given system has at least one solution for any value of b. We choose 
some value of 6; this can be done in arbitrary fashion, but we will 
choose 6 so that the system takes on the simplest possible aspect. 

Clearly, the best to choose is 6=0. Then the system looks like this 
(t+ I)e=1 
a+xy =1 


1 
ut 
¥ 

Ae 

ike 

oh 
Hy 
. 
‘a 
s, 
bi 
3 
i 
a 


toe 
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and since a is a suitable value, the system has at least one solution, 


which we denote by (Xo, Yo)» . 
In this solution, x, is either zero or nonzero. If x,=0, then 


from the second equation we get a=1, and ifx.=40, then x2 +1-41, 


and from the first equation we get a=0. 
Thus, if a is a suitable number, then either a=0 or a=1. Now we 


have to determine whether these values are indeed suitable or not, 
When a=0 the system is of the form 
(sb IP = I 
bxy+x?y = 1 
We now have to find out whether this system has any solutions for 
arbitrary values of 6. For 6=£0 it follows from the first equation that 
y=0, and then the second equation is inconsistent. Hence, the value 
a=0 is not a suitable value. 
Let a=1, then the system is 
+ (+1) =1 
; bxy +-x°y = 0 
Clearly, x=y=0 for any 6 is a solution and so a=1 is a suitable 


value. 
Thus, the condition of the problem is satisfied by the unique value 


a=] 


5. ‘Find all the numbers a for each of which any root'of the equation 
sin 3x =asinx +(4—2]a|) sin? x (4) 

is a root of the equation ; 
sin 3x +- cos 2x = 1-1 2sinx cos 2x (5) 


and, contrariwise, any root of the latter equation is a root of the former. 

The problem can more briefly be stated thus: for which values of 
a are the equations (4) and (5) equivalent? There are fundamentally two 
ways of determining the equivalence of two equations: the first is to 
obtain each equation from the other by means of certain manipula- 
tions, the second, in accord with the definition of equivalence, is to 
prove that every root of one equation is a root of the other, and vice 
versa. 

In our example, the first approach is apparently inapplicable and 
we have to take advantage of the second approach. Here, too, however, 
things are not so simple. It is hard to reason about the coincidence of 
the roots of two equations which are so unlike. The only thing that 
can save us is a knowledge of all these roots or the roots of at least 
one of the equations.* 


* More pictorial examplés of such a situation can be given: the equations x8= ~ 
=23—[ and x2*==2 (in the domain of real numbers) are equivalent since x=1 is 
the only root, but try to convince yourself that they are equivalent without first 
solving both equations, 
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In our case, equation (5) has a simple solution and so the problem 
readily reduces to the following one: for which values of a does equation 
(4) have exactly the same roots as (5)? F 

To simplify computations, denote sinx by y. Then (5) becomes 


2y?—y = 0 (6) 


This equation has the roots y,==0, y.=1/2. Similarly, upon replacing 
sin 3x=8y— 4y°, equation (4) becomes 


[4y°+(4—2la|) y+a—3]y=0° (7) 


Many students replaced sinx by y and this “helped” them to 
make two serious mistakes. Thus, many decided immediately that 
the required values of a’ do not exist since equation (6) is quadratic 
and equation (7) is cubic and, hence, they are not equivalent because 
they have different numbers of roots. This argument contains two 
mistakes at once. Firstly, a quadratic and a cubic equation can be 
equivalent (for instance, the equations x2=0 and x*=0 both have the 
unique root x=0) and, secondly, as we will see for ourselves below, 
(4) and (5) can be equivalent even if (6) and (7) are not. 

Therein lies the second mistake. At first glance it would appear 
quite obvious that our problem was reduced to the following: for 
which values of a does equation (7) have only the roots 0 and 1/2. 
But actually, if we recall that y==sin x, we can indicate yet another 
possibility for the value of a to be suitable: if (7) has the roots 0, 
1/2 and its third root ys is greater than unity in absolute value, then 
(4) and (5) are equivalent because the corresponding value sin x==Ys 
will not give equation (4) any additional solutions. Naturally, the 
equations (4) and (5) are equivalent when the third root of (7) is equal 
to 0 or to 1/2. 

Our problem is now clear: we have to find values of a such that (7) 
has the roots 0, 1/2 and its third root is either 0 or 1/2 or exceeds 1 in ab- 
solute value: . 

It is evident at once that 0 is a root of equation (7) so that we will 
henceforth consider the equation 


4y-+(4—2| al) y--a—3=0 : (8) 


One of the-roots of this equation must be 1/2. Substituting y=1/2 
into it, we find that 1/2 is a root when a=|a|,-or a0. By Viete's 
theorem, the second root is equal to (a— 3)/2 and according to what 
has just been said, the value of a will be suitable in the following three 


cases: 
—3 —3 1 —3 , 
(1) S80, @ =F, @ [Fl >! 


(also bear in mind that a>0). 
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We then have the answer: 
a=8, a=4, 0<a<l,a>5. 
6. Find all the numbers a such that for every root of the equation 
2 sin? x— (1 —a) sin’ x -++ (2a8— 2a— 1) sinx =0 (9) 
is a root of the equation ‘ 
2sin® x +- cos 2x = 1 + a—2a°-- acos? x (10) 


and, contrariwise, every root of the second equation is a root of the first 
equation. 

Here, both the given equations are complicated and so we cannot 
proceed as in the preceding problem. But we can note that equation 
(9) has solutions of the form x=kx, where k is any integer, and perhaps 
some other solutions. This remark will enable us to solve the problem. 

Let a be a suitable value of the parameter. Then the values x=kn— 
roots of (9)—are roots of (10), and this immediately yields the equa- 
tion a=a (since sintkn=0, cos 2km=cos*ku=1). Therefore, the 
suitable values are to be chosen from among only three numbers: 0, 
1 and —1. The task now is to verify all three values. 

Let a=0, then the equations will assume the form 


sin x (sin? x— 1) (2 sint x-+ Qin? x-£ 1)=0 
sin? x (sin? x— 1) (sin? x +1) =0 


Since 1+-sin? x>0 and 2 sin? x+-2 sin? x-+1>>0, these equations are 
equivalent. 
Let a=1. Then the equations can be rewritten as 


sin x (2 sin’ x— 1) =0 and sin? x (2 sin‘ x—1) =0 


Since the first equation has the solution sin x= V 12, which does not 


satisfy the second equation, these equations are not equivalent, 
Let a=—1. We then have the equations 


sin x (2sin°x—2sin*x—1)=0 and sin? x(2sin4x—3)—0 


Since 2 sint x—3<Oand 2 sin’ x—2 sin? x— 1=2 sin? x (sin* x— 1) — 
—1<0, it is clear that the equations are equivalent. Thus, the condi- 
tion of the problem is satisfied only by a=0 and a=—1. In this prob- 
lem too, many students replaced sin? x by y and could not figure out 
what to do with the value a= —1, since in the inequalities that have 
to be proved in this case, essential use is made of the fact thatO<y< 
<i. ; 
7. Find all number pairs a, b for which every number pair x, y (x=& 
x n/2--kn, yAnld-+nn, k, n=0, 1, +2, ...) that satisfies the 
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equation x-++y=a also satisfies the equation 
tanx-+tany-+tanxtany=b (11) 
Let aand b bea suitable pair of values of the parameters. We take a 


number pair x=0, y=a which clearly satisfies the equation x+-y=a. 
If asén/2-+-nn, then this pair satisfies the restrictions imposed on x 


- and y in the statement of the problem and, for this reason, by virtue . 
of (11), the equation 


tana=b 


must be valid. Let usnow take the number pair x=n/4, y=a—1n/4, 
which also satisfies the equation x+-y=a. If a-&3n/4-+kn, then this 
pair likewise satisfies the restrictions on x and y and therefore (since a 
and b are assumed to be suitable) the following equation must hold: 


142tan(a—F) =8 ; (12) 
Since b=tan a, then a thus satisfies the equation 


1+2tan (a—4) = tana 


which can readily be reduced to the quadratic equation tan? a—2x 
x tan a + 1=0. Hence, tan a=1 and the suitable pairs a, b must be 
sought among the infinitude of pairs of the form 


a=—-+ma, b=1, m=0, Es CE a4 
Let us determine which of these pairs are actually suitable. Let 


x-+-y=n/4-+ma .for some integer m, and xXnl/Qtkn, yu/2-+n0, 
k, n=0, 1, +2,... . Then y=a/4-+-mn —x and, hence, 


tanx+tany-+ tan x tany 
=tanx-+ tan (F-+mn—z) + tan x tan (F + ma—x) 
= tan x-+ tan (F-*) +-tan x tan (—*) 


{—tan x }—tanx 
stan + i>ing t tans 1+ tan+ 


The last expression is equal to unity. Thus all pairs a=n/4-~mn, 
m=0, +1, +2,..., b=1 are suitable. 
However, the solution is not yet complete since in the course of 
our discussion we excluded the values a=x/2+-nn and a=3n/4--ka, 
k, n=0, +1, +2, .... It remains to consider these values as well. 
Let a=n/2-+-nx, n an integer. In this case, obviously, axX%3n/4-+ 
-tkn and therefore (12) must be valid, from which it follows, for the 
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values of a under consideration, that b=3. We will attempt to find 
suitable pairs among 


a=F+nn, b=3, n=0, +1, +2, ... 


The pair x= —n/4, y=3n/4- nx satisfies the equation x+-y=a; on the 
other hand, 


tan (—4) + tan (E+nm) 


mu 


--tan (—4) tan (F+ na) =—] 43 


and therefore there are no suitable pairs among the number pairs a, b 
under consideration. 

Now let a=3n/4-+kn, k an integer. Since in this case a4x/2-Enn, 
the equation tan a=b must be true, i.e., b= —I1, We wish to find 
suitable pairs among the pairs ; 


a=“2 + ka, b=—1, k=0, +1, +2, ... 


The pair x=3n/8, y=3n/8--kx satisfies the equation x+y=a, on the 
other hand, 


3 3. 
tan +4 tan ($+ ks) + tan = tan (+ hx) 
. =2tan 4 tan > 0 


(because the angle 37/8 lies in the first quadrant) and so the left mem- 
ber of (11) is different from —1 and thus there are no suitable pairs 
among the pairs a, b under consideration. 

The final answer is this: the condition of the problem is satisfied 
by an infinity of pairs 


a=t+mn, b=1, m=0, +1, +2, ... 


We conclude this example with a final remark: at the examination 
the students gave many different solutions, some of which were shor- 
ter, but in all cases certain facts were assumed obvious which could 
be regorously substantiated only by means of extremely lengthy and 
subtle reasoning. Unfortunately, the reasoning was absent. What is 
more, the students did not even realize that such reasoning is neces- 
sary for the solution to be considered exhaustive. 

8. Find all the values of a for which any value of x that satisfies the 
inequality 

ax* +-(l1—a’®)x—a >0 


does not exceed two in absolute value, 
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In its logical form, the statement of this problem is quite analogous 
to that of the preceding problem. Namely, it is required to find the 
values of the parameter a for which from the inequality ax*+(1—a*)x— 
—a>0 follows the inequality —2<x<2. However, the method of 
solution applied in the preceding problem is not suitable here mainly 
because we have to do with inequalities and not with equations. 

In this problem we have to determine for which values of a all the . 
solutions of the given inequality lie in the interval —-2<x<2. If 
a=0, then the given inequality is quadratic, and we first consider this 
general case. Thus, let a40. We know that the solutions of a quadratic 
inequality, if they exist, form on the number line either a finite 
interval, two infinite intervals, or the entire set of real numbers; 
and this depends on the signs of the discriminant and the leading 
coefficient. We therefore compute the discriminant of the quadratic 
trinomial in the left member of the inequality: 


D=(l—a?*)?-+ 4a? = at + 2a 4-1 = (+1)? 


Thus, D>0 for any a, so that the roots of the trinomial are real and 
distinct and easily found: x,=a, x,=—l/a. 

Now, depending on the signof the number a, the solutions of the 
given inequality form an interval between roots (for a<<0-when the 
parabola is concave downwards) or two infinite intervals (for a>0). 

By hypothesis, we need values of a for which all solutions of the 
inequality lie in the interval —2<x<2. Therefore the values a>0 
are not suitable: two infinite intervals cannot fit into a finite interval. 
It remains only to consider the values a<0. In this case, x,<0<%4 
and the solution of the given inequality is the interval ax<x<—1/a. 

We want the entire interval a<x<—1I/a to lie in the interval 
—2<x<2, and this occurs obviously. if and only if the endpoints of 
the first interval lie on the interval —2 <x< 2 (coincidence of end- 
points is admissible), that is, if the inequalities 


—2<a<—L<2 


hold true. From the inequality —1/a<2, taking into account that 
a<0, we get ax< —1/2 and, hence, —2<a<—1/2. 

Thus, any solution of the original inequality does not exceed two in 
absolute value when —2<a<—1/2, but we obtained this on the 
assumption that a=£0. To complete the solution we have yet to consi- 
der this special case. For a==0, the original inequality assumes the 
form x->0 and not all its solutions fail to exceed two in absolute value 
so that the value a=O is not a suitable value. To summarize, then, 
the inequality obtained above 


—2<a<—z 
is the final answer, 


29* 
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9, Find all the values of a for which, for all x not exceeding unity - . 
in absolute value, we find the inequality 


ax—a(1—a) 
“@oar—1 79 


to be valid. 
First replace the given inequality by the equivalent but more custo- 
mary quadratic inequalit 
(ax + 1—a?*) [ax—a(1—a)] <0 


We have been a bit hasty in calling this inequality quadratic, since 
we have not yet checked to see if, when the brackets are removed, the 
coefficient of x? is different from zero. This coefficient is equal to a? 
and is zero when a=0, but for a=0 the given inequality takes the form 
0<0, which is to say that it does not hold for any x. Therefore, a=0 
is not a suitable value and we discard it, considering henceforth a=40 
everywhere. . 

We will solve the resulting quadratic inequality by following the 
same ideas as in the preceding problem. We see at once that the roots 
of the quadratic trinomial are real and so the discriminant need not 
be computed. Besides, the leading coefficient a? is positive and, hence 
the solutions of the quadratic inequality form an interval between 
its roots x;=(a’—1)/a, x,=1— a, if these roots are distinct. But if the 
roots coincide, the quadratic inequality is not satisfied for a single 
value of x and therefore the corresponding values do not interest us. 

We thus need the values of a for which the entire interval—I< x <1 
lies between the numbers a—1/a and !— a. But in order to write this 
geometric condition in the language of inequalities, we have to know 
which of the two numbers is greater. This clearly depends on the num- 
ber a, and so we consider two cases. 

(a) (a@&—1)/a<<1—a. As in the preceding problem, for the interval 
-—I<x<1 to lie entirely within the interval (@®—lD/a<x<1—aq 
it is necessary that the endpoints (—1 and 1) lie in the interval; thus, 
the following inequalities must be valid: : 

a1 ° 


<—-Il<i<l—a 


(Coincidences of extreme points, that is, the equations a— 1/a=—1 
-and I1—a=1 are not admissible, since, for instance, when 
a— |/a=—1, the number —I in the interval ~l1<x<1 is exterior 


to the interval —l<x<1—a.) 

From the inequality 1<1—a it follows that a<<0, and then from 
-the inequality (@—1l)/a<—1 we get a?—1>—a or a®?+a—1>0, 
The solutions of this inequality are the values of a<(~1—)V5)/2 
and a> (~—1+)5)/2, Since a<0, we only leave the values a< (—1— 


—) 5)/2, 
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Now, from the resulting values of a we have to choose those which 
satisfy Condition (a), i.e, the inequality a—l/a<1—a. But this 
condition is automatically satisfied for a<(—I—/5)/2. Indeed, 
the indicated values are obtained as solutions of the inequalities a— 


—llax<—l<l<l—a. 
(b) 1—a<(a*-1)/a. In this case we have to solve the inequalities 


l—-a< —-I1 <1< 
From 1—a< —1 we have a>2 and then from (a?—1)/a>1 follows 


(@—1)>a, or a?~—a —1>0. The solutions of this inequality 


are the values a<(l—V5)/2 and a> (1+V/5)/2. Since a> 2, we only 
leave the values a>2. As in Case (a), these values automatically 
satisfy Condition (b). Thus, the condition of the problem is satisfied 


by the values a<(—1—)5)/2 and a>2. 


a—1 
a 


Exercises 


1. Prove that if the equations 
asinx-+bcosx+e=0 and 2atanx-+-bcotx-+2c=0 


both have no solutions, then a=b=0, ¢ #0. 
2. For which values of the parameter @ are the systems of equations 


sin (x+y) =0 d x-++y=0 
etyaa “ gtyea- 
equivalent? . : 
3. For which values of the parameter a do the equations 
@txta=0 and x-+axr+1=0 
(a) have a common root? (b) For which values are they equivalent? (a, x are 


real numbers). : 
4. Find all the numbers a for each of which any root of the equation 


acos 2x-+| a] cos 4x-}+-cos 6x = 1 
is a root of the equation 
sin x cos 2x = sin 2x cos ary sin 5x 


and, conversely, every root of the latter equation is a root of the former. 
5. Find all numbers a for each of which every root of 
4 cos? x—cos 3x=a cos x—| a—4 | (1 + cos 2x) 7 
is a root of 
2 cos x cos 2x =1-} cos 2x-4-cos 3x : 
and, conversely, every root of tle latter equation is a root of the former, 
6. Find all the values of a and 6 for which the system 
: w—1 
Eola 
eyed 
has only one solution (a, 6, x, y are real numbers, x>0). 
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7. Find all the values of a for which the system 
abe 4 (a-+ 1) by? =a 
(a—1)8+y¥=1 


has at least one solution for any value of 6 (a, 6, x, y real). 
8. Find all the values of a for which the system 


x34 axty-+ xy? = 1 
has at least one solution and every solution satisfies the equation x-+y=0 
(a, x, y real). 
9. Given the inequality ax-+-k?>0. For which values of a 
(a) is the inequality valid for all values of x and &? 
(b) are there values of x and & for which the inequality is valid? 
(c) is there a value of x such that the inequality is valid for any value of ? 
(d) is there a value of & for which the inequality is valid for every value of x? 
(e) is there a value of & such that the inequality is valid for all values of x? 
(f) is there a value of x for which the inequality is valid for every value of &? 


4.5 Problems involving the location of roots of a quadratic trinomial 


The quadratic trinomial can with full justification be called the 
principal function of all school mathematics. If one dismisses the 
very simple linear function, then this is the only function for which 
the school course of mathematics requires rigorous proof of all the 
properties needed in the theory and in problem solving. Every student 
should have a good working knowledge of all the necessary properties 
of the quadratic trinomial. 

The number of problems solved with the aid of the properties of 
the quadratic trinomial is very great and the problems themselves 
are highly diversified. Besides problems whose solutions are obtained 
directly from familiar theorems (these include the solution of quadra- 
tic equations and inequalities, finding the conditions of the existence 
of real roots, determining the signs of roots, finding the largest and 
smallest values of a quadratic trinomial), there are many problems 
where the usual group of elementary theorems no longer suffices. 

It is quite impossible to describe in full all possible types of prob- 
lems involving quadratic trinomials. We here investigate a few that 
deal with the location of roots. There is one problem, among the stan- 
dard school problems listed above, that belongs to this type: to deter- 
mine the signs of the roots actually means to determine the location 
of the roots relative to the point 0. It will be recalled that this problem 
is solved with the aid of Viéte’s theorem. But what do we do if it is 
required to locate the roots with respect to some other point? Can it 
be that the point 0 is so much “better” than the other points that for 0 
the problem is solved immediately while for other points it is a hard 
nut to crack? Not in the least. The only thing that distinguishes the 
point 0 from other points is that we have a theorem at hand to handle 
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it (Viéte’s theorem), whereas for other points we have to think up 
new similar theorems. 

But then another complication arises. If we were to think up theo- 
rems to solve root-location problems with the same simplicity as 
determining the signs of roots, then the number of such theorems would 
be tremendous and there would be no hope of remembering them. In- 
deed, it is quite natural (and this actually occurs in problems) to be 
interested in the location of the roots in.a certain specified interval 
c<x<ad or in the infinite interval x<c or in the infinite interval 
x>>d. With respect to each one of these intervals, we can ask the fol- - 
lowing questions. Under what condition: Do both roots occur in the 
interval? Does no root lie in the interval? Is there exactly one root? 
Is there at least one root? Using these questions alone, we could 
make up 12 different problems. And what if, besides, we considered 
intervals of the type c<x<dor xd? And what if we take into ac- 
count that the properties of a quadratic trinomial are essentially de- 
pendent on the sign of the leading coefficient (the coefficient of x*)? It 
is quite obvious that the number of required theorems would be pra- 
ctically unsurveyable. Memorizing theorems is clearly not the way 
out. Then the only way is to learn to think up a treorem every time 
for every concrete problem, and then of course to remember the most 
important ones. 5 

For devising such theorems, the student should have an excellent 
knowledge of the properties of a quadratic trinomial and be able 
freely to handle such expressions and to reason simultaneously in two 
spheres: the algebraic and the geometric. What this means is that for 
any property stated verbally or algebraically, the student should be 
able to interpret it geometrically in the form of a graph. Contrariwise, 
the student must be able to state any graphical property verbally and 
describe it in formal algebraic terms. For instance, the leading coeffi- 
cient is less than zero; this means that the parabola is concave down- 
wards, the trinomial has no real roots and hence the parabola does not 
cross or touch the x-axis (axis of abscissas); the graph of the quadratic 
ax?--bx-tc lies entirely above the x-axis and soa>0 and b°>— 4ac<0. 
This last geometric statement can be formulated in at least three 
different ways: the inequality ax*++bx--c>0 is valid for arbitrary 


‘values of x; the inequality ax*-+bx-+c <0 has no solutions; the tri- 


a 


nomial does not have any real roots and the leading coefficient is 
positive. 

The solution of many of the problems that follow actually amounts 
to an expansion of this “translation glossary” from the language of 
algebra to that of geometry and vice versa. Before taking up specific 
problems let us examine the procedure of a solution in several cases 
of a theoretical nature. 

Let f (x)=ax?-+-bx-+e. All reusoning will be conducted on the assump- 
tion that a>0, Accordingly, when solving concrete problems, we 
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will always restate them so as to be able to utilize the properties ofa 
trinomial with positive leading coefficient. We denote the roots by x, 
and x, and the discriminant by D. 

1. Under what conditions are both roots of this.trinomial greater than 
a certain specified number d? 

In order to formulate these conditions, let us begin with a graph of 
the trinomial that satisfies this condition (Fig. 169). Firstly, it cuts 


Fig. 169 


the x-axis or touches it; hence, D>0; secondly, the value f(d) at 
point d.is positive. But this is not sufficient: the trinomial whose graph 
is shown dashed in Fig. 169 also has these properties yet does not sa- 
tisfy the condition of the problem. In order to distinguish our trino- 
mials from others of the same type it is clearly sufficient to require 
that the vertex of the parabola (more precisely, its abscissa) lie to the 
right of point d; that is, —b/(2a)>d. We have thus found the required 
condition: both roots exceed d if and only ifD>0, f@>0 and 
—b/(2a)>d. 

The arguments given above are of course not at all rigorous and are 
to be regarded simply as a rough solution, an exploratory search. We 
now undertake a rigorous proof, which turns out to be rather simple. 

Let both roots exceed d. Then D>0 since the roots are real, the 
abscissa of the vertex —b/(2a) exceeds d because it lies between the 
roots and, finally, f (d) > 0 because d is exterior to the interval between 
the roots. Conversely, let the three indicated conditions hold. Then 
both roots are real; the condition f(d)>>0 means that the point d 
is exterior to the interval between the roots, and the third condition 
ensures that d is less than the least root, otherwise d would be greater 
than the largest root and, hence, greater than the half sum of the roots, 
which is equal to —b/(2a). 

In the examples that follow we will confine ourselves to rougn solu- 
tions and leave the rigorous proof to the reader as a useful and even 
necessary exercise. 

. 2. Under what conditions do the roots of the trinomial lie on either side 
of the number d? | 

' We get the answer immediately if the problem is rephrased thus: 

Under what conditions does the number d lie between the roots of the | 

given trinomial? Now this statement, as we know, is equivalent to the 
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fact that f(d)<0. (Recall that the leading coefficient is taken to be 
positive!) 


3. Under what conditions does exactly one root of the trinomial lie. 


in the interval d<x<e? 

Here too the answer is sufficiently obvious. It is true if and only if 
the trinomial has values of distinct signs at the points d ande. So as to 
avoid considering separately the cases when f(d)>0, f(e)<0 and 
f@< 9, fe) >9, it is advisable to write these conditions in a more 
compact form: f (d) f (e) <0. 

The foregoing three examples make the general approach to prob- 

lems of this nature quite clear. In most problems, however, the ques- 
tion is not often stated so directly as in the examples we have just 
analyzed. A problem often has to be reformulated in order to arrive 
at a desirable statement. We now examine a number of specific prob- 
lems. . 
Let us first recall the last problem of Sec. 4.4. It was required to 
find out under what condition the interval ~l<x<1 lies between 
the roots of the trinomial (ax-+1—a*) (ax—a-+a*). But this assertion 
clearly signifies that the numbers —1 and 1 lie between the roots of 
the trinomial, which occurs if and only if f(—1)<0 and f(1) <0; 
that is, 


(—a--+ 1—a*) (— 2a+a*) <0, (a+1—a’)a’ <0 


This system of inequalities is easily solved by the method of inter- 
vals. 
4. Find out for which values of m the quadratic x*+-mx-+-m>+6m 
is negative for all values of x that satisfy the condition 1<x<2. 

For this quadratic to be negative for all values of x in the interval 
1<x<2Q, it is necessary, firstly, that it have a positive discriminant 
and, secondly, that the interval 1<x<2 lie between its roots, coin- 
cidence of the endpoints with the roots not being excluded. Reasoning 
as in the preceding problems, we get the following system of inequa- 
lities: 

- m@—4(m?-+6m) > 0 


—fh— oie 32 = at 2 ¢ 
m eels yn 1 ege ial eee 24m 


There ts nothing fundamentally complicated in the solution of 
this system, but computationally it can cause a lot of trouble. So let 
us apply the suggestions mentioned earlier. The necessary require- 
ment is fulfilled if the numbers f(1) and f(2) are negative; ie., if 
the. system of inequalities 


m4-7m+1<0 
m+ 8m+4<0 
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is valid and the solution is readily found on the number line: 


5. Find the values of p for which the equation 1+-p sin x=p__ gino " 
has a solution. ; 
Denoting sin x by y, rewrite the equation in the form 


y+ py+ti—p=0 


Here is where many students made a grave mistake, reasoning some. 
thing like this: “Since y is sinx, then —l<y<1 and hence we have 
to find values of p such that the roots of the foregoing quadratic equa- 
tion lie in the interval -—l<y<1.” Actually there is no necessit 
whatsoever in requiring that both roots lie on this interval; it js sub. 
ficient for at least one of them to be located there. If for some p, one 
root y; does not exceed unity in absolute value, then the equation 
sin x=y, has a solution, and so also does the original equation. Such 
a number p is a suitable value. 

To summarize: we have to find values of p such that at least one of 
the roots of (5) lies in the interval —1 <y<1. This problem can pe 
reduced to solving inequalities: firstly, the discriminant must be 
Meee vs 5p*— 420; secondly, at least one of the double inequa- 
ities 

—p— 2 poo 2 
=| eee ei oe a Mao 
must be valid. Computationally, however, the solution will be extre- 
mely awkward. We will choose a different approach. 

To facilitate subsequent reasoning, we will first consider the case 
when both roots of the quadratic y?-+py+1—p? are different from —] 
and 1. Then the required condition holds in two cases: when exactly 
one root lies in the interval —1<y<11 and when both roots lie in 
that interval. According to Problem 3, the former evidently occurs 
if and only if the product of the values of the quadratic under conside- 
ration is negative at the points —1 and 1; that is, for values of p that 
satisfy the inequality 


(p?— ps2) (p? + p—2) <0 
the solution of which is easily found by the method of intervals: 


Now let us write down the conditions under which the second case 
holds. First of all, the quadratic must be positive for y=—1 and for 
y=1. But this condition does not yet determine the case under consi- 
deration; it is also true of quadratics which have no roots at all and of 
these whose two roots lie to the right of 1 or to the left of —1, To 
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eliminate quadratics with no roots, we have to demand besides that 
the discriminant be greater than zero; and to eliminate the remaining 
“extra” quadratics, we must impose the condition that the abscissa 
‘of the vertex of the parabola, that is, y=—p/2, lie within the interval 
—l<y<l. 

Thus, the set of conditions under which the case at hand holds true 
is this: (a) the values of the quadratic for y= —1 and y=1 are positive, 
(b) the discriminant is positive, (c) the vertex of the parabola lies in 
the interval —1<y<l. This yields the following system of inequa- 


lities: 
2—p—p?>0 
2-+-p—p?>0 
5p?—4 >0 
- p 
| — <— 3 <i 
The solutions of this system are found with ease: 
2 2 
—l <—-S=, — 
Finally, we consider the temporarily dismissed case when the quad- 
ratic has the roots y= —1 and y=1. Clearly, y=—1 is a root when 


p=1 and p=—2, and y=1 is a root when p= —1 and p=2. These. va- 
lues of p are likewise suitable values. 


Collecting together all the values of p thus found, we get the final 
answer: the original equation has a solution when . 


; 2 2 ; 
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6. Indicate in the coordinate plane all the points whose coordinates 
(x, y) are such that the expression 


(2 cos t + cos x cos y) cos x cos y + 1 + cos x—cos y + C08 2t 


is positive for any value of t and depict the region formed by these points. 

If ¢ runs through all the real numbers (or at least any interval of 
length 2m), then z=cos ¢ runs through the interval —l<z< 1, There- 
fore the given problem may be rephrased as follows: For which values 


of x and y is the inequality 


22? +- 22 cos x c0S y ++ COs? x Cos* y-+ COS x—COSY >0. 


valid for arbitrary values of z lying in the interval —1<2<1? 
Under what condition is the quadratic positive over the entire inter- 
val —1 <z< 1? First of all, it will be true if the discriminant is less 
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than zero. Therefore, the pairs (x, y) for which 
D = cos" x cos? y—2 (+ cos* xX cos? y +- cos x—cos y 


= —2 (cos x—cosy) <0 


or cos ¥ — cos y>0 will be suitable values. 

But if the discriminant is nonnegative, then the suitable pairs (x, y), 
as will readily be seen, are determined by the following conditions: 
the values of the quadratic at the points —1 and | are positive and 
the abscissa of the vertex of the parabola is exterior to the interval 
—1l<z< 1. But in the case of our quadratic, the abscissa of the vertex 
is equal to —1/2 cos x cos y, which is clearly less than unity in abso- 
lute value and, hence, the abscissa of the vertex does indeed lie bet- 
ween —I1 and I. Therefore, the case of D>>0 does not yield any new 
solutions. 

The concluding part of the solution—representation of the solutions 
of the inequality cos x— cos y>0 in the plane—has been done in 
Problem 30 of Sec. 1.13. 

This problem may be solved somewhat differently by representing 
the inequality in the form 


(22 + cos x cos y)? + 2 (cos x—cos y) > 0 


This approach was taken by many students at the examination, but 
there was a logical subtlety in this instance which very few students 
could handle. Most wrote that the last inequality is valid for arbit- 
rary z if and only if cos x— cos y>0, and proof was offered that other- 
wise, if we take z so that the first term vanishes, we violate the inequa- 
lity. 

This argument would be correct if the problem called for arbitrary z. 
But we have z=cos ¢ which assumes a value only between —1 and 1. 
Therefore, when attempting to make the first ferm vanish, one has 
also to justify the existence of the number z in the interval —] <2< 1, 
for which number this parenthesis is equal to zero. Lack of this proof 
is a definite logical drawback, although it does not lead to any actual 
mistake. In reality, such a number z always exists; this is due to the 
peculiarities of the specific example under consideration. It follows 
from the fact that the expression —1/2 cos x cos y is always less than 
1 in absolute value. 

It will be noted that the proof of this fact in the second solution 
corresponds to the investigation of the position of the abscissa of the 
vertex in the first solution. 

7. Solve the equation 


Q-1¥-21__4.3-I*-21_g =) 


for every real. number a. 
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Denoting 3-'-*! by y and noting that 0<3-!*-*! <1 for every 
x, we get the equation 
y—4y—a=0 


for which we have to find the roots lying in the interval O<y<l. 
The abscissa of the vertex of the graph of the trinomial f (y)=y’— 4y—a 
is equal to 2 so that if the trinomial has roots, than the greater root 
exceeds 2 and does not interest us. It therefore remains to write 
down the condition under which there is exactly one root in the inter- 
val O<y<l. 

First ofall, y=1 isaroot when a= — 3.Furthermore, since f (0)=—a, 
f()=—a—3<f (0), then, by Problem 3, there is exactly one root 
in the interval O<y<1 if and only if f(0)>>0 and f(1)<0, which 
occurs when — 3<a<0. 

Thus, only for the values—3<a<0 does the equation have exactly 
one root in the interval O<y<1l. This is the smallest root y=2— 
—V4+a. Now solving the equation 3-!*~?!=2— V4-+a, which for 
the values of a thus found has a solution (this follows from the fact 
that the value of y thus found lies between 0 and 1), we get 


|x—2|=—log, (2—V/4-a), x,,,=24 log, (2-V4+a) 


8. Indicate all the values of a for which the equation 


+ log,* = log a 4-logy>a 


x 

logy: a| logy 2 

has a solution and find all the corresponding solutions. 

Denoting log,x by y and log,2 by 6 and using the formulas for 
transforming logarithms, we get the equation 


<|54—)) [+= 


or, expanding the domain of the variable by adjoining zero, the equa- 
tion . 
y?+2|y—b|—2b=0 


We first seek the roots of this equation that satisfy the condition 
y>b, and, naturally, are nonzero. Then our equation turns into the 
quadratic , 

y?+ 2y—4b==0 


We want the nonzero roots of this equation that exceed b. For such 
roots to exist, it is first of all necessary that the discriminant D= 1+46 
be nonnegative. Therefore, we will henceforth assume that b>—1/4. 

The abscissa of the vertex of the graph of y?-+-2y—4b is equal to —1 
and so the smaller root is less than —1 <6 sitice b>—t/4. Hence, we 
will only be interested in the larger root and whether it will be located 
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to the right of 6. From graphical considerations, it is quite obvious 
that the larger root esceeds 6 if and only if the quadratic is negative 
at point 6; that is, b\— 26<0. This inequality holds true for 0<b<2 
and for these values of b we have the root 


y=—14+V1+46 


which is clearly nonzero and, hence, satisfies all the required condi-. 


tions. 

Now let us consider the values y<%. In this case our equation as- 
sumes the form y?— 2y=0 and its roots arey,==2 and y,=0. Since we 
only need nonzero roots not exceeding 6, it follows that y, can be dis- 
carded and y,=2 is only suitable for b>>2. 

Combining the results of these two cases, we get the (nonzero!) 
solutions of the equation iny: for b<0 there is no solution; for0 <b <2 
we have y=—1+)1-+46; for b>2 we have y=2. 

‘It remains to pass to the unknown x and the parameter a. The tran- 
sition to x=a’ does not involve any difficulties, but the transition 
to a involves the solution of three inequalities: 


log,2<0, O0<log,2<2, log, 2>2 


_ They are all easily solved: the first inequality is valid for0<a<l, 
the second, for a>V2, and the third for 1<a<V2. 
To summarize, then: for 0<a<1 ‘there is no solution; x= 


mq ttle? fo gO; y=a* for I<a<V2. 


Exercises 


1. Find all the values of the parameter d for which both roots of the quadratic 
equation x? — 6dx-+(2—2d-+-9d*)=0 are real and exceed 3. 

2. Find all the values of the parameter afor which both roots of the quadratic 
equation x? —ax-+2=0 are real and lie between 0 and 3 (extreme values excluded). 

3. For which values of a is one of the roots of the polynomial (a? ++- a+ 1) x2 + 
+ (a—1)x-+-a? greater than 3 and the other less than 3? 

4. Find all the values of a for which the roots of the equation x?-+¥-+a=0 
exceed a. 

5. For which values of a do the roots of the polynomial 2x22 (2a-+ 1) x + 
+ a(a—l) satisfy the inequalities x, <a < x,? 

6. For which values of a does the equation 


: x? 2 x2 
have real roots? 

7, Find all values of m for which the inequality mxe—4x+3m+1>0 is 
valid. for all x > 0. 

8. Find all the values of a for which from, the inequality x*—a(l-+a2)x + 
+ at < 0 follows the inequality x?-++4x+3 > 0. ; 

9. For which values of y is the following statement true: “There exists at 
least ue value of x for which the inequality 2 logy ,y?—3 ++ 2x log, ,y2— x2 > 0 
is vali 
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10. For which values of y is the following statement true: “For any x the 
inequality 


bears. y eat ai (1 ae 
# (2 logs -#-) +2 (1-+ logs 4) 2(1+loe 4) >0 


holds true?” 

11. Find all the values of @ for which from the inequality ax?—x+1—a<0 
follows the inequality O< x < 1. 

12, Find all the values of a for which from the inequality O<x<1 follows 
the inequality (a*-+ a—2) x*—(a+5)x—2<0. 

13. Find all the values of a for which, for all x not exceeding unity in 
absolute value, the inequality 2x2—4a2x—a?+-1 > 0 holds true. 

Solve the following equations and inequalities: 


14, x-+ V x=a. 

2 
15, (*) digg EO* apes 0: 

x 

16. 4*—4m2*+4-2m-+2—=0, 
17, 499 * 4 m5 x4 21 =0, where —l <m<l. 
18, (logy, sin x)?— 2a logy, sin xa? -+2=0, 
19. (log, sin x)*-+ log, sinx—a=0,a>0,a<¢1. 
20. Vix[+Fl—V[x|=a. 
21. Va(2*—2)+1=1 —2¥. 
22. 2| logig (ax) |-log,, 10=(4 log;) a— 3) log,» 10—— logyg x. 


log, + |= tog. 2-logy- a?—log, V x. 


). 


25. logy-> a?+| logg: + [+108 x= logg? 4-logy-— a. 


26. log, x | log, a— log, a|= log, (ax) — log, a + log, x- log, a. 
Represent, in the plane, points for which the following conditions hold true, 
27. For every value of / 


cos 2 (i-+x)+ 2 sin (f4-x) cos y— 5 (cos y—1)*—sin x < ‘ 


23. logy--> a: 


x 
logig a 


24. logigg #7 = logy 10 (toe 10a — 


28. For every value of. ¢ 
sin? ({-+x)-++sin(t-+y)-+sin (1424-9) > 0. 
29, For every value of / 
(2 cos (+> cos x cos v) cos xcosy-++1-++-cos x—cos y-++ cos 2 > 0. 
30. For at least one value of / : 
cos (¢-+3x-+-y)—cos (f-+-*4—y)— sin? (t-+-2x) > + 
31. For at least one value of / 


sin? ¢ cos? x-++ cos? ¢ sin? rey sin 2x sin 2/ + 2(cos 2x +cos y) <0. 
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ANSWERS TO EXERCISES* 


Sec. 1.1 


1. (c) An equation of the form ax?-+-bx-+c=0, where x is the unknown and 
a, b, ¢ are given numbers, a # 0, (d) see Sec. 1.4, (e) see Sec: 1.5, (f) see Sec. 1.7, 
2. (a) Axiom, (b) theorem, (c) definition, (d) theorem. 3. For a>0, b>0, 
4. The converse theorem: if a quadratic equation has two distinct real roots, 
then the discriminant is positive, is true. The inverse theorem: if the 
discriminant of a quadratic equation is nonpositive (that is, is negative or 
zero), then the equation cannot have two distinct real roots, is true. The 
contrapositive theorem: if a quadratic equation does not have two distinct 
teal roots, then the discriminant is nonpositive, is true. (Prove all these 
theorems!). 5. Prove by contradiction. 6. (a,—@)...(ay — a) = 0. 
7. |ab|-+|bc|+[ca|=0. 8 Either a<0, 6>0, or a and b:are numbers of 
the same sign, and a > 6. This follows from the fact that the function y==1/x 
is negative and decreases on the set of negative numbers and is positive and 
decreases on the set of positive numbers 9. If arbitrary x, and x, are such that 


—I<x, <x,<1, then 3x,—x} < 3x, —x3. 10. Necessary condition. 


Sec. 1.2 


1. The number a,,...a3@,a,a) is divisible by 11 if and only if the number 
] @g—@ 4-4, —a3++-...-+(—1)"a,y| is, 2. Prove by contradiction. Let N == m?; 
consider two cases: when m is divisible by 3 and when it 3 not. 3. Prove that 
(p—1)(p-+1) is divisible by 3 and by 8. 4. p=3. One out of three consecutive 
numbers p, p-+1, p-+2 must be divisible by 3. Therefore, either p=3 or (for 
p > 3) the number p-++1 is divisible by 3. But then p+4=(p+1)+3 cannot 
be prime. 5. Assure yourself, that the last digit of the square of any integer 
may be only one of the digits 0, I, 4, 5, 6, 9. 6. 494. 7, There are ten such 
numbers: 17, 32, 47, 62, 77, 92, 107, 122, 137, 152. 8. For n representable in 
the form 5s—3, where s is a positive integer. If 32-+-4==5k, then: 3(n a ee 
=5(k-+-1), and so n+3 must be divisible by 5. 9. Not for any. If we had 
the equations 2n--3=kp and 5n-+7-=kg, k>1, then we would have 
1=(5p—2zq) k. 10. 3762. Assure yourself by simple enumeration that there is a unique 
representation 13=2?--3? and only two representations 85 = 22-192 — 62+ 72, 
From the third condition it follows that the first digit of the desired number 
cannot be less than the last, and so we have to consider four numbers: 3292, 


" 3922, 3672, 3762. 11. 857. Note that abcl=10-abc-+-1 ‘and 2abe==abc-+ 2000, 


*-In the answers to trigonometric equations and inequalities, k, 1, m, n 
denote arbitrary integers unless otherwise stated. 
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12. 34056, 34452, 34956. Use the criteria of divisibility by 4 and by 9. 
13. n>=2. Factor n4+4. 14. Show that among the numbers k, m, n there are | 
either two even numbers or two odd numbers. Then utilize the identity 


R343 n2=(k+ m+n —3 (k-+ m) (m-n) (n+). 15 1... J-2..,2= 
- 2n times n times 


=9-1.9 729 —2-9-1.9 GO = 9-2 (102 — 1) — 2-9-1. (10% — 1) = [(10" — 1) /3])?= 


—~—— —— 
2n times n times 
= (3... 3)%. 16. 4 =3, y=); %=—-3, Yoel. Regarding the equation as a 
times 
n 


quadratic in x, conclude that its discriminant 25y?-+56 must be the square of 
an integer, that is, 56=(k-+ 5y)(k—5y). Then run through the possible repré- 
sentations of the number 56 as a product of two integers. 17. x=2, yi =2; 
Xq=2, Yo=—2; Xg=— 2, yg= 2; Hy=— 2, Y4s=— 2. Express x? in terms of y? 
and conclude that y ‘can only assume integral values for which 3< yr l2. 
18, For example, the numbers (a-+-6)/2 and a-+-2~-1/2 (ha). 19. No, they can- 
not. 20. Show that from the rational nature of the number tan 5° it would 
follow that tan 30° is a rational number. 


Sec. 1.4 


1. Yes. For a=0 the absolute value of a is simultaneously equal to a and —a 
2. (a) If x>=0, then —x<0, and then |—x|=— (—a)=x=|x]; if x<0, then 
—x > Oand then | —x|=—x=|x|. (b) If x0, then |x | =x and, hence, x< |x; 
ifx<0, then x<—x, ie, x<|x|, whence x<|x|. 4. a=... =a,=0. 
5. For the sake of definiteness let a< 6; then |b—a |=b—a. Three cases 
are possible: O<a<6,a< O<b,a<b <0. In the first case, the distance is 
equal to b—a=|b—a}, in the second, 6-+|a|=b—a=|b—a], in the third, 
Ja|—|6|=—a—(— b)=b—a=|b—al. 6. (a)a—b <x < a+b, (b) x<a—b, 
Xreatb. 7. x, = 3/2, %.=7/6. 8 x=—l. 9. No solution, 10. x any num- 
ber, 11. No solution. 12. 7/6<x<3/2. 13. x4y=0, 4,=—1. Since |x|+x3 > 0 
for x > 0, then there: are no positive roots; for x<0 we have the equation 
—x--x3=0 for which nonpositive roots are sought. 14. x=—1. It is clear 
that the roots satisfy the inequality x+1<0; rewrite the equation in the form 
(x-+1)(1—|*x—1]|)=0 and choose the root for which the condition x<<—1 is 
valid. 15. No solution. Assure yourself that —x?--2x—3 <0 for all x; obtain 
the equation x2?—2x-+2=0, which has no real roots. 16. x=—Il, x20. Re- 
write the inequality in the form Rad, I+x}[1l—x|; s=—1 is a soluiton 
and if x —1, then it is possible to cancel out [x+1|>0. 17. 1<x<s, 
x=4. 18. x<—3, —3<x<—2, x>0. 19. x 9/2. 20. O<x<2. Since 
x2-+x-+1> 0 for all x, then x?--x-++1 may be cancelled out of both members 
of the inequality. 21. 1=2, r=5. 2. 4y=1/V 2 %2=—! +(1/¥2). 
23, x=—2. 24, x4 .= ot logs 2. Note that the equation remains unaltered when 
x is replaced by —x, so that it suffices to find only nonnegative roots (the 
nonpositive roots are then obtained by reversing the sign). 25.x=—l, Orval. 
26. x < 1/3, x > 3. 27.4/3<x< 4,28.2<x< 5. 29. xe—-2—-YV 2, xel+V3. 
30. 1—-Vi7<x< VSI. Bh. my =2, yy = 1; Ho =0, Y= — 3; X= — 6, Ye =I. 
32. x, ,=+(1—V 1—4a)/2 if a < 0; x==0 fora=0; for a > 0 there is no solu- 
tion. ‘Rewrite the equation in the form }x[?-+ | x[+a=0. 33. 4 2=+ logy. (1 + 
+ Y1—a) fora<1;x=0 for =1; for a>1 there is no solution. 
34, x4 .=2 + logs (2— V F-+a) for —3<a< 0; there is no solution for the 
other ‘values of a. 35. Use the inequality between the arithmetic mean and 
the geometric mean 36. V[xl, x 1e1,x, |x|? Vy, xy? 87. For as0. 38.—2a, 
39. 2(2—x). Note that x42Vx—-l=(Vx-l 1)*. 40. |cosa—cos BI. 
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Sec. 1.5. 


1. (a) On a circle of radius 20 with centre at the origin, (b) on a circle oj 
radius 5 with centre at the point (2, 0), (c) on a circle of radius 15 with 
centre at the point (—1, 0). 2. Within a circle of radius 1 with centre at the 
origin 3. On a circle of radius 2 with centre at the origin and exterior to 
this circle. 4. Inside an annulus bounded by circles with centres at the origin 
and radii 1 and 2 and on the first circle. 5. Within a circle of radius 2 with 
centre at the origin. 6. On a circle of radius 3 with centre at the point (—1, 0). 
7. Inside a circle of radius 1 with centre at the point (0, 1). 8 On a circle 
of radius 7 with centre at the point (—1, 2). 9. Exterior to a circle of radius 
9/2 with centre at the point (—1/2, 1/2). 10. Inside an annulus bounded by 


circles with centres at the point (0, —1) and radii 2 and 3 and on both circles. 


11 On a straight line perpendicular to the line segment connecting the points 
(0, 0) and (0, 1/3) and passing through the midpoint of the line segment. 
12. The point (0, V 3/3). 13. The point (0, —2). 14. No such points. 15. On 
a circle of radius 1 with centre at the origin 16. On a circle of radius V372 
with centre at the origin. 17. There are two such complex numbers: 2,=6 + 


2 
-+ 171 and z,=6-+ 8. 18. Fuh ee 19. 2 --2y——-23 2p -+-%y—2y, 24-23 —2y. 


20. cos 150°-+-isin 150°. 21. 2 cos 20° (cos 20°+-i sin 20°); 22. cos (m— oa) + 
. 3n ave 3x ; 1 _{ 3n 
+1 sin (n—a@). 23. cos ($+ a) +i i a). 24, wea ©° ($+ a) +4 


a 


? 37 : ] Tt Par 
--+ isin (F+)] if O<a<z, Teasat | ($+) +2 sin (F+2)| 
if > <a<nx. 25. On a ray issuing from the origin at an angle of m/4 to the 


positive x-axis 26. On a ray issuing from the origin at an angle of 77/6 to the 
positive x-axis. 27. The portion of the plane containing the second and third 
quadrants including the y-axis minus the origin, and a portion of the first 
quadrant located between rays emerging from the origin at angles of x/3 and 
n/2. 28. A line segment of the x-axis between the points (—I, 0) and (0, 0) 
without the endpoints. 29. The point (0, 2) 31. z=12+-16i. The point repre- 
senting this number is the point of tangency of a ray issuing from the origin 
and lying in the first quadrant to a circle of radius Y-I5 with .centre at the 
point (0, 25). 32. g/2 if Op <an/3 orn <p < 5n/3; p/2+n if n/3B< pon 
or 52/3 < @ < 20; if p=xn/3 or p=n or p=5n/3, then z,=0. 33. Generally 
speaking, no; for example, 2; == i, 2p=2i. 34, Generally speaking, no; for example 
z,=1+i, z2,=2—i. 35. Note that if the imaginary parts of the numbers 21, 2, 
are equal to zero, i.e., if {hese numbers are real, then the assertion is not 
true. 37, All real numbers. 38. All pure imaginaries. 39. All complex numbers 


with real parts equal to 1. 40.0. 41. 0, —1, 5! vy sti eee 42.0, i. 
A3. For x=1, y=—4 and for x=—1, y=— 4. 44, (a) Exterior to a circle of 


radius 10 with centre at the point (—1, 0), (b) inside a circle of radius 5 with 

centre at the origin. 45. If a=1l, then z=—l—i; if 1<a< Y2, then 
—~ Q ae) = i — 

215 aie ay Se 4, ifa=V2, then z=—2—i; if a> YQ, then 

the equation has no solution 46. If O<a<1/2, then the equation does not 


eee —4a+-V 4e+3 i Sn 
have a solution; if a > 1/2, then sg ae z,;=1, y4=—1; 
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Sec. 1.6. 
ceny 
N°. 2.0.3.0. 4 —I/4. 5. 1. 6. 2. 7% logy N. 8 0. 9.0. 10.0 
because glogs 5 _. (5logs 2)logs § _ 5logs 2 tL 1 106° 12. ace 13. logs 2< log, 3. 


14. log,5 > logg5. 15. log.3 <logsll 16. If a>1, then log, a > log; a; 
if a=1, then log,a—logsa=0; if 0<a< 1, then log,a < logga. 17. If a >I, 
then log, 2 < log, 3; if O< a <1, then logg2 > log,3. 18. }/0.01 < }/0.001. 

: ey 21, 3(1—a—b). 22. a>0, a#l, N>0, N#1; O>0, 
b % fa. 24. 1. 25. For a=1 the equation is obvious; if a 41, then pass to 
logarithms to the base a. 27. Since 0 < logs2 <1 and 1/2 < 1, it follows that 
the inequality is valid, 28. First prove that logs a log, b loggc=logq a, b#1, 
c#1, d#1, a>0, b>0, c>0, d>0. 29. For a>I and 6 >1 or for 


0<a<1and6<b<1. 30. Prove by contradiction. 31. lt a < 0, 


5 
Pepe alay 82. x, —=1/8, xy=2, 33, x=2, 34. 4 =10, x= 7/70, 35, x = 16, 


X= 1/2. 36. 4 =1/4, x= 37. x, <9, xg==1/9. 38. x=aY 2, m= 


l 

am 
= 345 3-V 6 

“VE 39 waa % , mma * . 4.4 =9, m= A x= V2, 


1. 42. X= qi-ia, =a2@, 43. x. = 2, =4, x = 1/2, y = 1/4. 44, x==9, 
1/3. 45, xs=atm—6n, yezain— tin 46. x= 2/3 ys=27/8, 2=32/3. 
1 


tl 


a 


ee 


47, x=1, y=2. 48. xy=4, y,=32; x=—1], y=. 49. oe a ai 
50. O<x < Y/10. 51. are 1/16. 


Sec. 1.7. 


1.x=3.3.3-2Y 2, 1,342V2. 4 pee. y ve. 


5, A=2, B=32. 6. 25 stones. 7. 97, 18 and 12 years old, 8. If 6; > 0, then 
arbitrary values of g <1 and arbitrary values of g>3 are admissible; if 
6, <0, then arbitrary values of g in the interval 1<q <3 are admissible. 
9, 25 harvesting combines. 10. 192 litres. II. 18 litres. 13. x=y=z=2. 
15. Note that the numbers ae =. yaks _ constitute a geometric progres- 

1 2 i — 
sion and compute the sum. P=(S/T)"/?, 16. x=2, x,=—2. 17, 4=V2, 
xg V2. 


‘ 


Sec. 1.8. 


1.. Multiply the inequality by 2 and pass to the obvious inequality 
(a—b)?-+-(b —c)?-+ (c—a)* > 0. 3, Rewrite the inequality in the form (a—])" + 
--'(b—1)?-++-(c—1)? 0. 7. Rewrite the inequality in the form (x-+y+1)?-++ 
+2 (y+ 1)? => 0. 8. Rewrite the inequality in the form (1 — sin? x) (5—~ sin? x) > 0. 
9, For x<0, all terms are nonnegative; for 0< x <1 we have x? > x5, 1 > x; 
for x>=1 we have x82x5, x22=x. 10, Since a/e+b/e=1, then 0 <aje< |, 


30* 
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0 < b/e <1, and so (a/c)?/* > (a/c), (b/c)?/? > (b/c). I. Extract the ath root 
of both members of the inequality. 12. Assure yourself that in the left member 
of the inequality the sum of the numbers equidistant from the ends is not 
less than 2(n-+1)-1. 13. Represent (1!)? = (1-n)-[2-(n—1)} «++ [(n—1)-2]-(n-1) 
and prove that for arbitrary &, 1<&<n, the inequality k(n—k+1)> 2 is 
valid. 14. Apply the method of mathematical induction. 15. Apply the method 
of mathematical induction. 19. If p is the semiperimeter of a triangle with 
sides a, 6 and c, and S is the area, then, by Hero’s formula and the inequality 
between the geometric mean and the arithmetic mean, we get VS<p/2. 20. In- 
troduce an auxiliary angle. 21, The least value 2/3 is attained when x=0, the 
greatest value is absent. 22. The least value 0 is attained when x=0, the gre- 
atest value 1/2 is attained when x—=-—-1 and when x==1. To determine the 
least value, represent the function in the form y=(x?-++-+~*)-1. 23. The greatest 
value 1 is attained when x=1; the least value —1 is attained when x=— 1, 
24. Apply the inequality between the arithmetic mean and the geometric mean 
and then utilize the inequality sinx-+-cosx2=— V 2. Equality is attained when 
x= (5n/4)-+-2kn. 25. Express cot x in terms of cot (x/2). 


Sec. 1.9 

1. x2. 2. x= (144-2 V'15)/3. 3. x= 45—16 V7. 4. No solution. 5. x=2. 
6. x= 8: 7, x==5. 8..x, <0, x= 4. 9. xp, %,= 3/2, xXg=2. 10. x, = 190/63, 

5/7] 5/7 ae 

X_==2185/728. 1. x= y/ at/(1—7/ a!) for 0 <a < 1; for the remaining a, there 
are no solutions. 12. x=— 2. 13, x,==0, x2=2. 14. x=log,,, 3. 15. x ,=lt 
AVI +F i0g, 1-5 10. 16. x=log, 3. 17. x=4 log, 2. 18. x,=log,28—3, x, = 
== log, 10. 19. x=2: 20. x,=1/8, xg=2. 21. x= [log, (1+ V41)—~1] 3/6. 


22. x, == 10, xp—= 7/10. 23. x =9, y= 1/9. 24. y= 2, = 8. 28.4,=0,,=1. 
26. No solution. 27. x,= 100, fa 1108. 28, x, =9, x= 1/9. 29. xy =1, x, = 2, 
xg =1/j/ 8. 30.412 3 t= 1/V/ 3. 81. x= 271% 4, 32. No solution. 33. No 
solution. 34. ¢=:5/2. 35. x==-— 25. 36, x==5. 37. x=8. 38. x= 1/9. 39, x= 3. 
40. x=:5. 44. x=—4. 42. x=2. 43. x= 1. 44.0 xl, x= 4. 45. x= 4, 
46. x,—=2kn/5, xp = (6k + 2)n/15. 47. xy = (4k—1) n/4, x= (2k-+1) 0/2. 48, xy 
== hn, Xp={(—l)k+4n/6}--an. 49. x= [(—l)*n/6]--kn. 50, x==(8k+4-1) a/4. 
BL. x==(8k-+1) 0/4. 52. x= (6k-+ 1) 0/3. 53. x= (1/2) pice eer aca 54, x= 
= (16k +1) 2/8. 55. xy == (20k-+ 1) 0/5, Xp = (20k 4-9) 1/5. 56. =p arctan4-+2kn, 


57. x= (4k-+ 1) 0/2. 58. xy=(4k-11) 1/4, x, =arcsin [((V5—1)/2] 4-(2e+ Ian. 

59. 4,=2, xy=—5, x_q=(2m/3)-+ 4h, y= (— 2/3) ++ 4k (k ¢ 0), xy = 2X 

xarecos [(2 VW 3—3)/2]+-4ém, xe=— 2arccos [(2 V3—3)/2 ]-+-4hm (k # 0). 60. y= 

== (2k-+1) 2/6, Xo=(4k+1) 0/4. 61. x= kr/3. 62. xy = (28+ 1) 0/4, X2,9==(6RL1) 0/6. 

63. x==—arcsin [(V5—1)/2] + (2k+ Ue 64. =e arccos (2—2 YW 2)-+2kn. 
~x= 4. 


65. x, = kr, X= (12k-+1) 0/6. 66, x= 2. 


Sec.1.10 


3+ V 13 
1 <x<3. 2 x > 5/2. 3. x > log ae » A Oe <alexe 
an 


* <ilfa. & =tex <0; 0<k-< 1, 6. 2kn < x < (m/4)-+ 2kn- RO<x<y, 
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x> 32. 8 Wl6<x< 1/8, 8<x< 16. 9 —1<x<—2/YV 5, WV S<x<, 
10. log,5—2 <x < log,3- 1. 27 /V Pax cl. 12. 0x < logh2, x > 3/2. 
13.—2<x<—l, —i<x <0, O<x<l,x>2.14. 0 < x<m/24, bn/24< x < H/4, 
15. 1<x <2. 16. (VCI—9/2<x< 2 17, Lkn—(m/4)-+aresin (3/4) < x < 
< (30/4) —arcsin (3/4)-+ 2am. 18. x <~38, —2 <x <1. 19. x < I, (8/2) < x < 2, 
x>3. 20. -V4—njn<x< V(4—a)/m. 21. (n/6)-+kn < x < (50/6) +a. 
22, (n/4)++-kn <x < (3n/4) hm. 23.0 <x < 0/2, 2arctan [U-+V 5)/2] <x<n. 
24, x < log, 3. 25.—L<ix<cl. 26.0 <x < 1.x 2.27, 1/2 <x <1. 28.x<—7, 
Bee x2, x4. 29, xxl — 2/3, 1/2<ixcd, 30. 2ka— (70/4) + 
4-aresin (2 V 9/3) < x < 2kn-+ (31/4) —arcsin (2 V 2/3), 2kn—m <x < kn 
—(n/2). 31. —L x <(I—-V 5/2, (4 VS)/2<4<2 32 —lex <l— 
— (V31/8). 33, (3—a)/(2—a)<x<2 if O<a<l; @x< 
< (8—a)(2—a) if 1<a<2; xm2 if a=2; x <(3—a)/(2—a), x2 if 
a>2 84 —-1<x<0,2<x%<3 35. 1/2<x<l. 36, —5/2 << x <—2, 
3/2 <x < 8/2, 3/2< x < 8/3. __ 37. —1-V B2<x< V232—1 if a>d1; 
—~Va<xr<l-VBR, VRR-laxr< VO if O<a<l. 38. (144 
LV 2a x<9, 39, (m/4) ha <x < (0/3)+-kr. 40.1 < x < 3/2,2 <x < 5/2, 
x>3. 41. —(n/2)-+en <x <—arctan2+kn, —(n/4)-- et <x < (0/4) an, 
42, WAtkax<lpQ+k, 2tk<x<l+k. 43. Bka <x < (a/6)+ 2hz, 
(n/6)+2kn <x < (Qk lm. Axel. 46. 1—-V6<x*«<2—YVl0, 1+ 
+ V6 <r <24+YV10. 46. (m/4)+ kn x<(m/3)ten. Ae x<—l, x >], 
48.0<x<1. 49. —1/2<ax<—I1/4, 36 xl. 50, 0S 481, 1 1296, 
51. arctan 5-+-2kn < x < mL 2kn. §2. x= kn/3. 53. 6x <0, 3 <x. 
54, xe —2—-Vd, 14 V B<x. 55. x < logs 3. 56. —(84Y 5)/2 <x<l. 


57.3<x<0, SK < Bn/2, 8n/2<x< 5, 58. O<x <2, x > 4. 59. —(a/4)+ 
+ kn < xepkn, (m/4)+ kn <x < (m/2)-+-km. 60. —(70/6) + 2k x < (0/6) 2k. 


Sec, 1.11 


loxe—4, yO. 2427, y=5. 8 el, wel X_= 16/81, yo=4/9. 
4, x= 2/3, y= 27/8, 2= 32/3. 5. %,=1, = 6; = 2, Yor=T). %g==3, yo=8. 
6. x, == 4, y= 32; = 1, ysl 7. x= 8, yd. 8B. x,=0, y, =2 log, 3—2; 
ty=3, Yaa—l. 9x=5, y=0. 104 = V8 WH = V3, yy=4. 
11. x=1, y=0. 12. x= 20, y= 16. 13, No. 14. —2<k <4. 15.m=0. bad 
9 (0/2)-+ ka. ‘ 


Sec. 1.12, 


1.20 km/hr, 25 km/hr, 15 km/hr. 2. 27, 18 and 12 years old. 3. 30 km, 
4, 1/6. 5. 19 cm/sec and 27x cm/sec. 6. No. 7. 3 hours, 6 hours, 2 hours. 8. 5 grams 
and 20 grams, 9. 5m(f—f,)—5m-} (t—¢,), 10, The area of the forest is 40 km% 
Obtain the equation AC=5-+-1/4 BC?+1/16 AB? from the statement of the 
problem; besides, for any three points A, Band C the inequality ACS AB BC 
is valid, whence 5-++1/4 BC? +-1/16 AB? < AB+ BC or (1/2 BC—1)? +(1/4 AB— 
—'2)2.<0, which is possible only for AB==8 and BC=2. 11, The number of 
marks 2, 3, 4 and 5 are equal, respectively, to 11, 7, 10, and 2. 12. Velocities . 
are: motorcycle, 40 km/hr, Moskvich car, 60 km/hr, and Volga car 80 km/hr. 
13. The water is delivered twice as fast. 14. 1:3. 15. 20 km/hr and 80 km/hr. 
16. No. 17, No. 18. The rate of the cyclist is 20 km/hr, that of the truck, 
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Volga car 80 km/hr. The distance from A to D is 60 km. 
Haan éo° cubic metres. 21. 2 minutes. 22. 0.6 km/rin. 23. 12/7 days. 
94. 12 hours. 25. Four boxes of the third type and 25 boxes of the second type. 
26. 12 sheets. 27. The first pipe will fill the pool in 2 hours, the second in 4 
hours. 28. 4 hours. 29. 16 hours and 45 minutes. 30. 18 hours. 


Sec. 1.13. 


1. —1/2<x<1/2. 2. The function is not defined for a single value of x, 
3. x0. fy wala) forex a) + 5.x <0, 0< 42, x3. 6. xk. 
for a 


graphs. 36, Note that y= V 1 —x?, see Sec. 2.5. 40. The graph of the function y, 
consists of two branches, while the graph of the function y, consists of only one. 


gative x-axis and negative y-axis). 45. The interior (including the boundary) of 
the square with vertices at the points (2, 0), (1, —1), (2,2), (3,1). 46. The 
half-plane lying below the straight line y=x—2 and the half-plane above the 
straight line y=x-+2 (the lines themselves excluded). 47. The interior (minus 
the boundary) of a rectangle with vertices (1, 2),(—1, 2), (—!, —2), (—1, —2), 
(1, —2). 48. Pieces of a sine curve y= sin x corresponding to 2kn< x< (2k-+-1) 0 
and pieces symmetric to them. about the x-axis. 49. The straight lines y= 2x 


Sec. 2.1 


1. (e) See Sec, 2.4. 2. (a) Theorem, b) definition, (c) theorem, (d) theorem. 
3. The converse theorem: “If cosp<<0, then the angle @ has its terminal side 
in the second quadrant” is not true. The inverse theorem: “If the angle 
@ does not have its terminal side in the second quadrant, then cos p > 0” is 
not true. The contrapositive theorem: “If cos@>0, then the angle 
does not have its terminal side in the second quadrant” is true. 5. (a) 
sin 1° < sin], (b) tan} > tan2. 6. (a) a=(—1)*B-+2&n or, what is the same 
thing, B=(—1)"a-+na. In other words, if @ and f are certain concrete angles 
such that sina=sinB, then there exists an integer k such that the angles a 
and B are connected by the relation a=(—1)*B-+-kn, (b) a=-+- B+ 2én, 
(c) a=B+hkn, ae (m/2)-+nn, Bz (n/2)-+mn, (d) a=(n/2) + B+2kn. 


7. cos (a/2) = —~sV 242 V l—sin? a =—+(ViFsna +YV1—sin a), 
sin (4/2) = b> VY2—2 Vi—sinta , the plus sign being taken if 270°< 

<a< 360°, the minus sign, if 360°<a@<450° for all a in the interval 

270° < a < 450° we can write sin (a/2)=4 (VT=sina— V T-Pain). 8 4. 
9. —1/8. Multiply and divide the expression at hand by sin (x/7). 
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Sec, 2.2 


1, x=18°. Find the root of the equation cos4x=:sinx lying between 0° 
and 90°. 2. Assure yourself that y=sin?q@ for arbitrary x. 3. (1-++-cos*x)71/. 
4. (a+bsin?x)-1. 5. tan8x, x==(n/3)+kn. 6. sina/(cosacos x—!). 
9. V 2cos x cos~! (x/2) sin [(m/4)-+ (x/2)]. 10. 0. 11. a+b=2ab. 12. (p?—q?)?= 
=— pq. 13. y=a, z=c. 14, Multiply both parts of the equation being proved 
by sin(x/7). 15. Use the equation 142°30’=90°-+ 45°-+(1/2)-15°. 16. a-+B 4 
# (m/2)+-kn, aw # (n/2)-+-kn, BP A m+2kn, 18. (V7 —2)/3. 19. Establish that 
0 <a< 30°", O° <P < 30°, ie. O° < a+28< 90° and then compute 
sin(a@-+26). 20. Transform the expression [(a/b)(A/B)-+1]/{(a/b)+-(A/B)];_ the 
condition aB-+ 6A 40 signifies that sin[2x— (a+ B))40. 21. q. 22. (sin2a+-sin2B-+- 
-+- sin 2y)/4. 23. 2. 24. 3. 25, Rela ne the cotangents in the sum cot (%/2) + 
-+- cot (B/2)-+cot (7/2) in terms of sines and cosines and reducing to a common 
denominator, transform the numerator to a product using the equation a-+-B+ 
+ yp=a. . 


Sec. 2.3 


1. (a) i ie a where n is an integer or, what is the same thing, 
B= (—1)* a-+-kn, where & is an integer. In other words, if a and f are certain 
concrete angles such that sina=sinf, then there exists an integer n such that 
the angles a and § are connected by the relation a=(—1)"B-Lam. (b) a= 
= +B+42nn. (c) a=B-+nn and a, B # (n/2)--an. (d) a= (n/2) + P+2nm. 
2. If |c| > Ya? 6%, then there is no solution; if c= Ya?+-6%, then x= 
= (n/2)—p+2kn; if c=—YVa@-+b%, then x=—(n/2)—p+2kn; if lel < 
< Va+o®, then x==(—1)* arcsin [o/ Va +6] — p+ kn. Here, @ is an auxi- 
liary angle defined from the conditions sing=b/V@+e, cos p=a/V a+b’. 
3. x= (1/4) Lao, Xp = (5r1/12)-L hn. 4, xy == (11/30)-+ (2/5), x2 = — (71/2) + 200. 
5. xy == (0/12) (Rn /7), Xo = (0/4)-- nn. 6. x= arccos (4/5) + 2kn. Express sin 3x in 
terms of sin x. 7, x= 1/4 arccos (3/5)-+-(km/2). Express sin? 2x in terms of cos 4x. 
8. zy=— (01/3) 2km, 2, = (01/9) -+-(2nm/3). 9. xy = (0/2) AM, a= 
= + arcsin(1/Y5)--nn. Pass to the equation cos (x cos? x)= cos (7 sin 2x), 
whence either 2 sin 2x—cos 2x=1—4x or 2sin 2x-+-cos 2x=4k—I, where k is 
an integer. In both cases, the only value of & for which solutions exist is 
h=0. 10. x==-t (m/3)+-2km. WN. x= (Qk 1), Xy==(—1)" (0/3) -b am. 12. 4 = 
== (m/4)-- ka, x. =—arctan 3-- an. brove that cos x # 0 and divide all the terms 
of the equation: by cos? x. 13, x,;—arctan (3/2)-L-Am, x, ==— arctan (1/2) 1-27. tees 
to the function tanx. 14. x,=An, x,==(—1)"(1/6)-- na. Pass to the func ion 
sing. 15. x,=2(2k+-1)m, x,=(—1)" (2n/3)+4nn. 16. Mie aa 
=+(0/4)-+3nn. Denote +/3 by y and express tan3y in ais a an y. 


—Zn 
17. x= (—1)" (m/20)—(6/5)+(nn/5). Denote 5x-++6 by y. 18 m=g97 7 


ay Ge tg lV) a—arecot 2 V3 — penote ZZ by y. 19. x= 
Sk+5 (m-+1)a--arccot 2 V3 1-+* ; Pass 
== + (m/3)-L An. Pass to the function cos 2x. 20. fy =n, fg= ata a 
to the function cos 2¢. 21. x== -+ (2n/3)-+-2kn. Assure yourself that sin (x/; ) 
— cos! (x/2)==— cos x. 22. x= (n/8)-++(kn/4). Assure yourself that sin al 
+ cos x= 2-1 12 cos? 2x-+-2 cos42x and then pass to cos 4x. 23, x= (x/ eb 
-- (km/2). Use the formula for a sum of cubes. 24. y= 2 (2+ 1), eee 
= (2n-+1)m, x3==(2m/5)-++ (4mmn/5). Get rid of the squares of cosines an a 
form the resulting sum into a product. 25. y,=2km, ys=(3x/8)+-(nm/2), 
Ys=—(n/2)+2mn. 26. x,=hm/4, xy + 1/4 arecos [(1+ V5)/4] +(nn/2), 
x= 1/4 arecos [(I— V5)/4] -+-(mm/2), 27. x=28 + (2n/3)+2kn Transform 
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the product of cosines into a sum. 28. x=2kn/[n (n+ 1)], where R is an arbit. 
rary integer. Transform the products of sines to differences of cosines. 29, x,— 
= (2k-+1)a, x, =(n/2)--nn, x3=2mn/5. 30. x =nN/3, X2==2mn/9. 31. X= kn, 
X-= arctan WV 5/7--nm. 32. xy=(0/4)-PRm, X_=(0/2)-+2nn, xg=(2m+1)q, 
Employ the formulas cos 2x=(cos x-++ sin x) (cos x—sin x) and l—sin2y — 
= (cos x—sin x)*. 33: x, = 2k, X, = (1 /2)-- an, Xg==— (11/4) +L may, 
Transform the left member of the equation to the form. 2 cos x(sin x-+ cos x)3, 
34. xy = + (m/4)-Lka, xg==— (0/6)-+ (7/2). Denote tan x—cotx by y; note that 
tan x-—cot x= — 2 cot 2x. 35. x, ==; (1/6)-+2km, xg=2(—1)"*! arcsin (1/4) ny, 
Represent the radicand as a perfect square. 36. — (1/3}--kn < x <—(2/6)-+- kn, 
(1/6) -+- kun <x<(n/3)-+kn. 37, x= log, p, where p=1, 2, .... 38. x, =log, p, 
X_,=log,(49—1)—1, x3=log,(4p—3)—3/2, where p=1, 2, .... 3% x = 
= + (1/2) arccos (1/3) 4-Ai. ¥.== + (1/2) arecos (—1/4)-+ka. Rewrite the equation in 
the form 5(tan x-+cot 3x)=tan 2x—tan x and pass to sines and cosines. 40, x— 
= (n/4)-+2kn. Rewrite the equation in the form 4 (sin x-+ cos x) + 
++ (sin x-+ sin 3x)-+ (cos x—cos 3x) =2 V2 (2+-sin 2x). 41. x==13n/4. 42. X= 
== 1/6, X,== 30/10, x3= 70/6, xy= 138n/10. 43, x=(2p-+-1) 2/18, where p is any 
integer except numbers of the form 9m+-4, m=0, +1, +2, ..... 44. y= n/3 
Xo=5n/3. 45. x,= 50/6, x,== 1380/6. 46. X==(1/2)-+2kn. 47. No solution. 
48. No solution. 49. x==(2k-+1)m. 50. x=— (1/6)-+-&n. 51. x= 4. 52. No go. 
lution. 53. x-=kn. Use the formula for the difference of tangents and obtain 
the equation cos x cos2x=-—1. 54, Prove that the equation sin 2x=sin 3xy- | 
is not possible for a single value of x, 55. x= (1/2) arccos [(a®— 2)/2]-+- kn for 
ja|<2. 56. a=1, x=k. Reduce the equation to the form cos*n (a+ x) — 
= 1/(2a—a*). 57. xX, = 70/6, x,=11n/6 for a==—1/4; Xen 
--aresin (1-+- V1--4a)/2, x,=2n—aresin (1+ V/1-F-4a)/2, xg=2-+ aresin (]— 
—V1+4a)/2, x,=2n—arcsin (l— Y1-+-4a)/2 for —1/4 < a <0; 4, = 0, =a, 
Xg = 3n/2for a=0; x,=aresin (V1-+4a—1)/2, x, =n1—aresin (VY 1+ 4a—1)/2 
. for0 <a < 2; x=n/2 for a=2; no solutions for a <—1/4 and for a > 2. Write 
out the conditions for which the equation 2?-+-z—a=0 has real roots, the 
smaller root being at least. —1, and the larger root not exceeding 1. 58. x= ky 


for arbitrary m > 0; besides, x= + j-arecos (VW 1+ 2m—1)/2--nn for0 <m<c4, 
Pass to the functions of the angle 2x. 59. x==(—1)* arcsin [6/(6—1)]-+-km for 
b< 1/2, b64—1, 641/38, 640. Reduce the equation to the form sinx = 
= b/(6—1) and take into account the restrictions tanx 40, cosx 4 0, 
Qcos2x #1, tan?xZ1/3 60. x= + arcsin V2 -+a@)+kn for ja}> 1, 
|a| # V3. Reduce the equation to the form sin?x=2/(1-+a%) and take into 
account the restrictions tan? x 41, cos 2x #0, cosx £0. 


Sec. 2.4 


: k 7 
fb kn. 2. x= (n/2)-+ ka, y= (n/6)—aa. 3. ro Zi" i ey 


2 
—1y" ae 3,8 

+2, yah 4 oO arcsin cles 4,0 xy=(n/4)+hn, y= 

ssarctan2-+ nn, 2, ==(3n/4)—arctan2—(k-+n)n; x2=—(n/4)+kn, yom 


= arctan 2-+ nn, 2, == (57/4) + arctan 2—(k-E-n) a. 5. x==(—1)* arcsin nal 2 + 


+ kn, y= + arccos (2— VY 2)+ 2nn. 6. t= > [Hn arcsin 3+ 


-+ (—1)" arcsin aH e+ nx ; y= [(—uearesin e=(-1" arcsin . + 
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+(k—n)a|. 7. x=2, y= l. 8 x= 0/3, yy = 7/6, %=0, Yo= 1/2. 9. X=, 


y,=n for arbitrary a >0; if lta’, then the solutions are also 
x,=arcsin VY (4—@)/3, y,=aresin VY (4—a")/3a", x3==n—aresin V(4— @)A, 


yg=n—arcsin V (4—a*)/3a"; Xq==m--aresin V 4—2@)/3, "= 
=aresin V (4—a?)/(3a"); %s= 2n—arcsin V (4—a?)/3, Y= — 


—aresin V(4—@)/(3a") 10. x,=arctan YW a+en, y= + atccos maa + 
+ 2nn; x2=— arctan V a+en, Yo=t arccos pV if az, a#l, 
2Vaclo(i—a)}. - 
Sec. 2.5 

1. —7/3, 1/2. 2. 5x/6, nm, 1/2. 3. —1/6, —H/4. 4, 2n/3, 3/4, 1/2. 5. 5—2x, 
cyt arctan 7, n--arctan — 
13, x20. 14. x > 0. 15. No solution. 16, x==1. 17, x=0. 18, x= V 3/2 


4n~—-10, 20—6, 4n—10. 6. ~arcsin 


Sec. 3.1. 


1. (e) If two planes intersect, then four dihedral angles are formed at the 
straight line that is the line of their intersection (two pairs of vertical dihedral 
angles); any one of them can be taken as the angle between the planes. (f) Note 
two possibilities: when one of the radii of the circular sector, the revolution of 
which generates a spherical sector, coincides with the axis of revolution (in this 
case, the spherical sector is a convex figure, the base of the spherical sector is a 
segmental surface), and when the axis of revolution does not intersect the arc of 
this circular sector (in this case, the spherical sector is a nonconvex figure, its 
base is a zone of a sphere). 2. (a) Theorem, (b) definition, (c) axiom, (d) theorem. 
3. Converse theorem: “If a straight line L is parallel to a plane 1, then L is paral- 
lel to the straight line f” is not true. The inverse theorem: “If a straight line 
L is.not parallel to a straight line J, then L is not parallel to the plane m” is 
not true. The contrapositive theorem: “If a straight line L is not parallel to a 
plane x, then L is not parallel to the straight line lis true. 4. This follows 
from the converse of the Pythagorean theorem. 5. (a) Impossible. For example, 
we inscribe a triangle ABC ina circle and consider the inscribed polygons for 
which the chords AB and BC are always sides (i.e., all vertices, except B, ate 
chosen on the are AC). (b) Impossible. For example, let_us take the sequence of 
inscribed triangles A,B,C, for which the arcs AB and BC are equal to 2n/n (what 
is the limit of the sequence of perimeters of these triangles?). 6. Compare the cir 
cumference with the perimeter of an inscribed regular hexagon and with the perime- 
ter of a circumscribed square. 7. Not valid. The proof is incorrect and is admissible 
only if AB and AB, and BC and CB, do not constitute a‘single straight line; then 
tne triangles are indeed equal. But a configuration is also possible for which AB and 
AB, (or BC and CB,) lie on one straight line. 8. Two distinct configurations are 
possible: either olf three straight lines are parallel or all three intersect in a single 


point. 
Sec. 3.2 


1. (a) Draw the straight lines L* and L** parallel to L and distant a from it, 
and the straight lines /* and [** parallel to [ and distant a from it. Consider the bi- 
sectors of the angles, which form at the points of intersection of L with [* and /** 


31--3480 


Lamenstndies 
4 
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and also Z with L* and L**. (b) Join the arbitrary point M of the desired locus to 
points A and B; complete the triangle AMB to a parallelogram with diagonal AB 
and assure yourself that MO?==2a—AB?=-const; hence, for 2a>_AB? the desired 
locus is a circle with centre at the point O (for 2a—=AB? it degenerates into a point), 
There are no such points M for 2a < AB?. 2. A circle with diameter AB minus the 
points A and B. Draw a common tangent at point M and use the theorem on the 
equality of line segments of tangents drawn from a single point to the same cicrle. 
3. The entire plane. Show that from any point (as centre) in the plane it is always 
possible to draw a circle intersecting all three straight lines. 4. A circle constructed 
on the line segment AB as on a diameter. 5. A circle constructed on the line seg- 
ment OA (where O is the centre of the given circle) as a diameter. 6. A circle con- 
centric with the given one and having radius r cosec (a/2), where r is the radius of 
the given circle. 7. A circle with centre at the midpoint of the line segment OA 
(where O is the centre of the given circle) and radius half the radius of the given 
circle. 8. A circle with centre O at the midpoint of the line segment AB and radius 
AB. Prove that MO=AB. 9. (a) A straight line perpendicular to the plane of the 
triangle ABC and passing through the centre of the circle circumscribed about the 
triangle. (b) No such points. 10. Four straight lines resulting from the intersection 
of the bisecting planes of dihedral angles between the planes IT and x with two pla- 
nes parallel to if and distant a from it. 11. Four straight lines perpendicular to the 
plane 1 and passing through the centres of an inscribed circle and excribed circle 
of a triangle formed by the lines of intersection of the three given planes with the 
m plane. 12, A sphere constructed on the line segment AB as a diameter. 13. A 
great circle cut out of a sphere, which is constructed on the line segment AP (where 
P is the foot of a perpendicular dropped from point A on straight line J) as a dia- 
meter, by the plane drawn through AP perpendicular to the straight line /. 14. All 
points lying inside the given dihedral angle. Show that if a plane is drawn through 
any interior point M perpendicular to the edge of the dihedral angle, then on the 
sides of the resulting plane angle it is always possible to choose points A and B 
so that M is the midpoint of the line segment AB. 15. All points of plane IT drawn 
through the straight line L parallel to /, with the exception of points of the line L 
itself, and all points of the plane x drawn through the straight line / parallel to L 
except the points of the line / itself. 16. Consider separately the cases when [> 


salV'2, l=alV3, 1<alY 2. 17. A circle. Drawing a plane through the straight line 
AB and the point M of tangency, compute the distance KM, where K is the point 
of intersection of the straight line AB and the x plane. 18. If > a, then the desired 


locus consists of all points of a circle of radius a V P—a* with centre at the centre 


of a cube, which circle lies in the horizontal plane passing through the centre of 
the cube. If [=a, then the desired locus consists of a single point, the centre 
of the cube. If /<a, then not a single point of space has the required property. 


19. Note that V ++ bt= Ve V (ac/6)?-+ (ec/aj?, where c= V ab. 20. Take advantage 
of the fact that if O is the centre of a circle circumscribed about the triangle ABC 
and OM is a perpendicular dropped from point O to the side BC=a, then BM= 
MC=a/2. It is thus easy to construct the triangle OBM and then the vertex C. 21, If 
the straight lines AB and / intersect at point C, then take advantage of the equa- 
tion AC- BC==CD?, where D is the point of tangency of the desired circle and line 
i, 22. The centre of the desired circle is equidistant from the centre O of the given 
circle and from the point lying on a perpendicular erected to the straight line / 
at the point A, and at a distance from A equal to the radius of the given circle. 
23. From the ratio between the areas, express AC in terms of AB and construct the 
‘line segment AC on the basis of this formula. 24. Set up an equation for the line 
segment BD and express it in terms of the side AB and the altitude A of triangle 
ABC dropped on.the side AB. Construct line segment A and then construct BD by 
the formula thus obtained. 25. From the equality of the volumes of the pyramid 
and prism express a leg of the desired isosceles right triangle in terms of A and a 
side of the base of the pyramid and perform the construction by this formula. 


Answers to exercises 475 


. Sec. 3.3 
1. V (6¢—P) (6c) /bc. 2. 7 hcosee a VY —cos 2a. 3. sin A:sin B:sinC = 
=Y5:2V 2:3. 4 1/16. 5. arctan [24va-3 n-! sin? (/n) sec (n/n)]. 6. b/a. 
7. 1/6ma? sin 2a sec? 2a. 8. 2arctan t 9. 3 mbe (6-+-c) sin 2 cos (a/2). Note 
that the axis of revolution is perpendicular to the bisector of the angle A. 
10. R2 arcsin [r/(R—r)]. 11. asec (a/2). 12, arccos (—cos? a). 13. [be/(b-+-c)}*. 
14, 2m cos a cot (a/2); - m cosec” (a/2). 15. R (x/2)+-a—B], R [(a/2)—a+}, 


R [—(a/2)-++a+B]}, R[(8n/2)—a—B], where ee p= 
ee ae 2 p(p-+q) R? sin2 p cos* p 

= arcsin (21/¥ 445). 16" S/L. ‘17, 287, 18. pit gh Dpq cos dp 
19. tan? (@/2). 20. V 43 (@@—a-+1). 21. 3-42 V 3. 22. | 2ab/(a+). 
23, 8 sin (a,/2) sin (B/2) sin (y/2). 24. 2aresin 25, 9/4. 26. 12/5. 
27. 1/2 6| cos (3/2) | sec (a/2) cosec a. Note that for < 0/3 the centre of the 
circumscribed circle lies closer to the base of the triangle than the centre of 
the inscribed circle; for a > 2/3 it is farther away. 28. (a—r)/(a-++r). Draw 
the straight line APOQ through the point A and the centre O of the circle and 
note that the desired quantity is equal to the ratio of the areas of the trian- 
gles BPC and BQC. Then compute the ratio of the altitudes of these triangles 
dropped on side BC 29, 2sin?a/[a (1+ sin 2¢-+sin?q)], where a is the mea- 
sure of the angle AOB in radians. 30. 2arcsin [(1—m)/Vim@+2m] for 1/4< 


<m<l. 31, —25 cos 2acos*a. 32. 1/4 a*| cos 2a | tana (1+ 2 cos a)-1. 
22—B 22 +B 

33. a Pe ld Pa a®-|- b?—-2ab cos a |a°—b? | 

) cost@tB | C”S*C«S SIM 


2 

35. 2 metres and 2 metres. 36. 2cm, 1/2 cm, and 5/2 cm, 37. 3 and 4. 
38. 2(1—a). 39. (1L—a)/B. 40. Only an equilateral triangle. 41. No. 42, Not 
in all cases. Yes, if the base of the pyramid is a square. 48. cos a=2/3. Show 
that the angle at the vertex A of the triangle must be acute and the point H 
of intersection of the altitudes is diametrically opposite the point at which the 
inscribed circle is tangent to the base of the triangle. Further note that 

HBC=90°—a and obtain the equation cota@=2tan(a/2). 44. 4. 
45. sin? [(/4) —(a/4)] cosec? [(/4) +(8a/4)}. 46. 1/4 Asin? (B—«a) cosec? a xX 
x cosec? B [a— 1/2 A sin (a+) cosec’e: cosec BJ. 47. (0/4) + arccos [(1-+2V’ 2)/4]. 
4s, arccos(1/j/2). 49. AB=BC=2, CD=1, AD=V 3, S=3V 3/2. 


50. 6V 7. 


Sec. 3.4 

1. (a) arccos (¥3/3), (b) 60°, (c) 90°, (d) a/V 2 (ce) o/V 3. 2 90°, 
arccos > , a/V 2. 3. Yes. However, the proof is not correct, since it is not 
shown that the constructed plane a is not dependent on the choice of point A 
on the straight line L. It must also be proved that if we take another point 
on the line L and carry out the same constructions, then the resulting plane 
will coincide with the a plane. 4. Only provided Ld 5. No. This straight 

e 


line only exists if all three given skew lines are para o one plane. 6. Yes. 
Draw a plane x through one of the straight lines {; and a point A on another 


31* 
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straight line [,; prove that point A may be chosen so that the x plane and the 
third straight line 7s are not parallel. Draw line L through A and the point of 
intersection of line I, with the x plane; prove that A may be chosen so that 


the lines L and J, are not parallel. 7. No. & 1/3 aV 2 and 2/3 ay 2. Note 
that the common perpendicular is equal to the altitude of the triangular pyra- 


mid cut out of the cube by a plane passing through the endpoints of three 
edges converging to one vertex. 10. Yes. 11. From 0 to x, irrespective of the 
size of the given dihedral angle. 12. A parallelogram. 14. arcsin (sin @ cosec a), 


15. arctan(VY 2/3) and = arctan(5 Y'2/7). 16. Qarcsin (b/V 462—a2). 
17. arcsin V sin? a+ sin’ Bp. 18. arccos(cosasinB). 19. 2arccos 2 and 


arccos 4 . 20. coseca YW 1--2cosa cos fi cos y—cos® a— cos* p— cos? y. 
21. 2/3 RV 3+6cosa. 22. Both angles are equal to arcsin [sina/V 2]. 
23, arcsin(sinBseca). 24, b/c. 25. BD=+ V 9a 40? -£ 25c2— 19ab cos a, 

Yo f2 
BC = = V 9a 4-962 -+ 25c%-+ 18ab cosa, 26. arccos ced 


ca en AGE eee 
27, arcsin [(2/V 3) sin (a/2)]. 28. tng=V7, aV3/7, 29: 9a cos? (a/2) x 
x cot (@/2) [3—4 sin? (a/2)]. 80. 1/8 p?V 3cot? a (4+ tan? a)°/*, 
31. 2 sin (7/2) V_sin (p/2) sin (39/2). 32. sinp=2 V 2/3. 33. — arccos (cot? ¥). 
34. 45° or 60°. Through one of the skew lines draw a plane parallel to the 
second straight line _and project this line on the constructed plane. Two cases 
are possible, depending on whether the line segment joining the projections of 
points A_and Bon this plane subtends an acute or an obtuse angle 
35, V om= cosec® a— + V 9m cosec? B—7? if the angles of the triangle ABM 
at the side AB are both acute; | V9m* cosec? a—P— Y Om cosec? B— [2 | if one 
of these angles is obtuse. 86. 2 arcsin [1/2 tan (a/2)}. 


Sec. 3.5 

4. Utilize the similarity of the triangles obtained in the construction so as 
to be able to replace the ratios in the left member of the equation being proved 
with new ratios in which the denominators will contain one and the same side 
of the triangle ABC. 13. Use the formula for the sine of a triple angle. 


16. 4:9. 21. 3/40; arecos V1/3. 29. 1/2 btan (a/2) [3—4 sin? (a/2)}~*/?. 
2¥ 3h tan [(a—70/6] 3 48V sin (a/2) 

30. oer * 31. 3 I S———=[==. 
9 tan® [((a—mx)/6]—3 V 3—4 sin? (a@/2) 


Sec, 3.6. 


1. Take two straight lines J; and /, of the three given ones, construct parallel 
planes m, and 7, containing /, and /,, respectively. Let A and B be the points 
of intersection of the third line J; with the planes m, and x,. Through point A 
in plane nm, draw a straight line &, parallel to /, and through point B in plane m, 
a straight line k, parallel to /,. Then build equal parallelograms: in the m, 
‘plane with vertex A and diagonals lying on lines J; and &; in the x, plane 
with vertex B and diagonals lying on the lines J, and k,. 2. No. 3. No. 4. Yes. 
The cutting plane has to be taken parallel to the lines of intersection lying 
- opposite the faces of the given tetrahedral angle. 5. No. 8 A square. 9. A regu- 
lar hexagon. 10. Construct a section of the cube by a plane passing through the 
points A, B, C, D dividing the corresponding edges of the cube in the ratio 


1:3 (Fig. 170). Assure yourself that ABCD is a square with side 3 WV 2/4 ay 1.06 
(if an edge of the cube is taken to be 1). For the section of the desired hole 
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you can take a square with side unity lying strictly within the square ABCD. 
11. 1/3 a(3-4+2 V3). 12. 2aV2—YV3. 13. a(3—YV3). 14. 1/2a(V6—V 2). 
15. Yes. 16. 47/27. 17. arctan [WV 2cot (a/2)]. 18. a/V 2. 19. 2RI-? VP—R®x 
sin (n/n); 2arcsin [R/-} sin (a/n)}. 20, 2/3nA8. 21. a V 3/2. 22. I cos? (a/2)X 
Xsin (c4/2). 23. a2b3c? (ab-+ bc -+-ca)—3, 24, 1/12 x a3[1-+2 cot? (a:/2)]. 25. 1/2 csin BX 
xeosec A, 1/2csin Acosec B, 1/2csin A sin B cosec?(A+B). Express the sides 


Fig. 170 


of the triangle in terms of the radii of the spheres. 26. 1/3 «6% cos B cos (@/2)X 
x sin? (@/2), 27. arctan [sina/V cos a]. If 20> 2/2, then the cones do not 


have common tangent planes (not passing through a common generatrix). 


28. 21 sec (a/2)Xsec B Vsin(a—p)sinf. 29. (2+ V3)/4.° 


Sec, 3.7 : 

1. a2 sin 2a cos a cosec? 3a. 2. 1/4a®*V4cos?a—l. 3. a®costa. 4, 1:15. 
5. V3. 6 VYatl. 7 3/4 V 3A (2—h) (h—a)-*. 8. (3 341/26 
9.3/V 14. 10. V3V2/9 cos7 3 q@ sin 2/8 q. 11. a(1-+-2c0s y)~. 12. d? V2 cosec p. 
13. 3-4-2 V2. 14. j/3S"* cos/*asina. 15, 13:23. 16. 1:47. 17. 3a. 18. 3V'3.a%/*. 
19. 1/4 (2a-+-6)?. 20. 307/2V2. 21. at (14-442 V2). 22. 23/24. 23. 2/54. 
24, 12h3/247, 25. 25a V 4h?+ 302/64. 26. 55/4. 27. .25S/16. 28, 100/69. 
29. 4V6h2/9. 30. arecos =. 31. (a/3)V 1549 V3, (a/12) V 154973. 

3d2 


32. 3 V 3/32. 33. +: 34. 33/4 square decimetres. 35. 37/16 square 


decimetres 


Sec. 3.8 


1. nh VY 2R (QR—A). 2.a V'6/8. 3. 4arR? (2R—r)-}. 4. arecos ve 


&. 4:21. 6. 2n/3. 7. 10nh3/9. 8 16:9. 9. 8Y3a3/27. 10. 6 V3/n. 
It. bcos (a/2)tan(a/4). 12. V8rFcot®(a/2) tana. 13, > f sin?a, 
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14. 2r cosec 2p (1+-sing). 15. aV 6/2. 16. 1/3(1+2 Y2)3nR3, 17. The condi- 
tion of the problem is satisfied by two spheres with radii r[1-+-2 tan? (a/2) + 


+ tan (a/2) V3-+-4 tan? (a/2)]. 18. Syg¢=1/3al?, R=3U/AV 2. 19. VFn03/36. 
— ae 7 yt Pee , ; = 
20. V==a"h/2, where for a/2<r <a/V 2, ore arr for r=a/VQ, 
. = ae r—V r2—a2/4 1] me 
h=a/4; for r> al V 2, t= aria 21. rs a V3 —1)*. 
22. b VY 4a®—6/(4a-+100). 23. 1/18na® V3. 24. (14+ 7342/3 YO). 


25. 1/38r(6+V3+V 2741273). 26, 1/2 7(24- V8). 27, 2, 


9a2h? V a+ 12h a(2bh—a) V3 Bs 

28, ———_— tan ——_—__——_.. 29. ——_————_., ¢ 3 y ‘ 

ata Tope arctan V3 2 V oa 30. 5a° VY 2/96 
Sec. 4.2 


1. There is no solution. 2. x=0. 3. There is no solution. 4. There is no 
solution. The right member is nonnegative for cos x< 1/2; but all such x satisfy 
the inequality |x|==n/3, i.e, x*2=n?/9>1 so that 3x2 > 3>>1—2cosx. 
5, x=0. 7, x=2. Reduce the equation to the form x2*—8 and by trial and 
error find the root x2; there are no other roots because for x>=0 the 
left member of this equation increases monotonically, and for x <0 it is 
nonpositive. 8 x, = 1/4, x, = 2. Reduce the equation to the form 
(log, x-+ 2) (log, x--+-x—3)=0. The equation log,x=-3—x has a unique root, 
x=2; for x >2 the left member is greater than 1, the right member is less 
than 1; for (admissible) x < 2, vice versa. 9, x,=0, x,=2. Reduce the equation 
to the form (x—2) 2¥=(x—2)(1—x). 10. x=1. For x > 1 we have x? > 1; on 
the other hand, for these x we have x—x?<0, i.e, 10*-*2 <1]. For 
0<x <1, contrariwise, x* <1 and 10*-*? > 1. 11, x,;=—1, x,=1. Reduce 
the equation to the form 2(x-+-1) sin (1x/6)=(x*+-1)(3—2x). If —2<x<2, 
then —x/3 <1x/6 <1/3 and so the left member of the equation 2 sin (nx/6) = 
=: 3—2v increases, the right member decreases so that x—1 is the only root 
of the last equation. 12. x=1/2.° Reduce the equation to the form 4x—1 = 
== 2 cos (2nx/3); its root is x= 1/2. There are no other roots because for O<x< 1/2 
we have 4x—1I < 2cos (2nx/3) and for 1/2 < x<1 we have 4x—I1 > 2cos (2nx/3). 
13, x=—I, y= 1. 14. x) = 2, yy = (0/2) + bat; Xo = —2, y, = har. 15, x= (2k+ 1) 01/4, 
y=l. 16. x=ha, y= 1. AT c= 1 y= (2k—3)/4. 18, x= + 3/n, y= [(4k+ 1) 0/2] 5 
F (3/m). 19. x,=—arctan V2--ka, y,=(m/4)-+2nn; x= arctan V2-+ kn, 
Y= (5m/4)-+ 2nx, Reduce the equation to the form [tan x-+(sin y+ cos y)|? + 
+(l—sin 2y)=0. 20. x, =(2/4)+-2kn, y,=(2n-+1)q; Xq == (51/4)-+ 2kn, 
Y,=2nn. Using the substitution cosy=z, reduce the equation to the form 
24 2z sin [x-+-(7/4)]-+1=0 or [z—sin [x-+ (1/4)]]?-+ [1 — sin? [x-+- (n/4)]] =0. 
21. x=0, y=I. If the inequality is true, then y>=x?+4-1>=1; on the other 
hand, cosxy2?+ Vy—e—i>y’, that is, cos x21. Consequently, all the 
inequalities written down become equalities: y=x?-+-1=1, whence x=0, y=. 
A check. shows that this number pair does indeed satisfy the inequality. 


I 
22. x=1, y=0. 238. == arCcos > +(2k-+1) =. 24. No solution. 25. 4,2= 41, 


“A,2= + V 3/2; X34 +1, ¥3,4= F V 3/2. 26. x=2, y=2, z= —2. 27. x1 == 4, 
y,=0, 2,=0; %2.=0, Yo=a, 22=0; x3=0, yy=0, 23-0. 28. a= —1/2, 
29, a any number, 6=(2k-+-1)a—a, 

Sec. 4,3. 


1. No solution. Utilize the fact that the sum of two positive reciprocal 
expressions cannot be less than 2. 2. x=-— 2/3. Take advantage of the fact that 
the sum of two positive reciprocal expressions is equal to 2 only when they 
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are both equal to 1. 3. No solution. One of the terms is greater than 2, depen- 
ding on the sign of x. 4. -l<ox<l.5.4/5<0x < 1. Forx <1 (and x 4/5 from the 
condition making all roots meaningful) every term in the left member is greater 
than every term in the right member; the situation is reversed when x > 1. 
6. x, = (0/2) kn, x,=-2kn. 7. xy ==(n/4)+hn, x,==kn. 8. No solution. Since 
V sin? x< sin x and cos® x< COS x, it follows that the left member does not 
exceed sinx-+cosx< V2; however, sinx+ cos x= V2 only if sinx—cos x= 
=) 2/2, but for such x we have the strict inequality Ysin®x < sin x. 


9. x= (57/4)-+2mn. 10. No solution. 


Sec, 4.4 

1. If the first equation has no solution, then c? > a?+-6%; in particular, c 4 0. 
The second equation can be represented in the form (2a tan® x-} 2c tan xb) x 
x cotx==0. If a0, then the discriminant of the trinomial 2ay?-+2cy-+-b is 
equal to c2—2ab > a? 62—2ab>>0, which means the second equation has two 
real and distinct roots; then at least one of them is nonzero and therefore cot x 


is meaningful. If a=0, then tan x=— 6/2c; for b #0 we have tanx #6, ie., 
the second equation has a solution. 2.a< 7/2, 3. (a) q=1, =—2, 
5. a=4, a>5. 6. a=0,0<b6<1. 7. a=—I. 


(b) a=!l. 4.a<—I, a=0. 
8. a=:—1, a=1. 9. (a) Not for any a, (b) for any a, (c) a #0, (d) for any a, 


(e) a=0, (f) a #0. 


Sec. 4.5, 

1. dello. 2. 2V¥2<a< 11/9. 3. Not for any values. 4. a< —2, 
5. a<—3, a>0. 6. —I/2<a<0 7% m>l. 8 a<—3, a>—l. 
9% y<—-2V 9, —I/V2<y¥<0,0<y¥<1/V 2y>2V2 1.0<y<1, 
". W2<a<l. 12, —3<a<3. 13. There are no such values, 
14. x= (Qa+1—YV1-4a)/2 for a>0; no solution for a < 0. 
= (fa@—i—a + V 202? —5—2a VY @—! Ve for a< —5/4; x= 1 fora=— 5/4; 
no solution for a > —5/4. Find the roots of the quadratic f(y)=y?+ 2ay+1 


that satisfy the condition y==2. If D=a?—1 <0, then there are no real roots 
at all, and so it must be true that-a2—1>0. If f(2)=—4a+5 < 0, then the 


greater root y=—a-+ V @—1 will exceed 2. If f (2)2==0 and —a>2, then 
both roots are suitable, but this case -does not occur for any a whatsoever. 


16. x=log, (Q2n+ V4m®—2m—2) for m<—l; x=1 for m=1; 425 
= log, (2m + V4m®—2m—2) for m> 1; there are no solutions for ‘the other 
values of m. Find the positive roots of the quadratic y®—4my-}+2m-+2. The 
discriminant D==4m2?—2m—2 is nonnegative for m<—1/2, m==1. For m==1 
we have y; .=2m-++ V4m*—2m—2 for ~1<m<—1/2 there are no positive, 
roots and for m<-—I the greater root y=2m-+- V 4m?—2m—2 is positive. 
17. x=(—1)* arcsin log, [(—m-+- V 4—3m3)/2] +n. Find the roots of the 
quadratic f(y)=y2+my-+m?—1 such that 1/2<y<2. By virtue of 
—l<m<1 the discriminant D=4—3m? > 0 and the constant term is nega- 
tive, so we can only be interested in the greater root. It does not exceed 2 if 
and only if f(2)>0, which occurs for arbitrary m. 18. x,=(—1)* x 
x arcsin 109+ MOO? ee %,=(—1)Faresin 109-24? 24 pn for —Wo<acl; 
x=x, fora<— V2, a=—l, b> V2, there are no solutions for the remai- 
ning values of x. 19. x=(—1)* arcsin gV T¥4a-1)/2 4 py for O<a<l, 


x=(—I)Aarcsina~(VIF 44/2 1 pn for a>. 20, 4, == + (1—a?)?/4a? for 


15. 4, 2 


480 Answers to exercises 


0<a<1, x=0 for a=1, and there are no solutions for the remaining values 
of a. 21. x=log,a for O<a<1, there are no solutions for the remaining 


values of a. 22. x= 1/10 for a= 10; x,==1/10, Xgu= 102-148 logio@ for 10 < 
<a< 1000; x,;= 1/10, x,==1/1000 for a= 1000; there are no solutions for the 


remaining values of a. 23. x=a! for l<a< V2; kong’ 81080 244-2 fog 
a> V2: there are no solutions for the remaining values of a. 
24. x= 10I-YF, gon! +V FM ToewATS foe Ql-VF cg ol+Y3, y 
= 10! VS for a> 19l+¥3. there are no solutions for the remaining values 


of a. 25. x=? for |< ac V2, xa ltV4F+logu2 top g > V2; no solutions 
2 ae 

for the remaining values of a. 26. ya tl (tows a+ V tony a 2 log, a) 2 

=a '/2 loga2-2) for Qe acl; X=x, for | <a<2and2<a<4; x=x, for 

az4. 27. It reduces to the inequality sinx—cosy > 0. 28. It reduces to the 

inequality—1/2 < cos (x—y) < 1/2. 29. It reduces to the inequality cos x — 

—cosy > 0. 30. It reduces to the inequality | sin(x-+y)| > 1/2. 31. It reduces 


to the inequality cos 2x-++cos y <0. 
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algebraic problem, reduction of geo- 
metric problem to 323 
algebraic result, geometric . interpreta- 
tion of 317 
algorithm 304 
analysis (in construction problems) 304 
angle 
auxiliary (introduction of) 231, 241 
between skew lines 333 
finding (from trigonometric rela- 
tions) 308 
measuring (in degrees) 223 
polyhedral 341 
principal 279 
antilogarithms, taking 116, 156 
approximate computations 19° 
arccos 279, 285 . 
arccot 280, 285 
Arcsin 279 
arcsin 279, 280, 284 
arctan 279, 284 


area(s) 
of a plane figure and its orthogonal 


projection 344 
of a triangle 295 


arg (symbol) 55 
argument 196 
of a number 54, 55 
principal 55 
arithmetic 9ff 
arithmetic progression. general term 
of 23 , . 
arithmetical facts in problem solving 15: 
aay angle (introduction of) 231,° 
24 . 


base of logarithms, rule for changing 71] 
basis of induction 22 

biquadratic equations 12 

bisecting plane 304 

boundedness of a function 198 


cancelling (resulting in loss of roots) 125° 
centre of circumscribed sphere exterior 
to pyramid 403 
checking (see verification) 114 
circle circumscribed about a triangle, 
radius of 295 
clearing of fractions 121, 148 
combinations of ‘solids 398ff 
commensurable segments 293 
common divisor 16 
compass 304 
complete induction 21 
complex functions 211 
complex numbers 47ff, 48 
absolute value of 50 
difference of 49 - 
geometric interpretation of 50 
imaginary part of 50 
modulus of 50 
in polar form 54 


product of 48 
quotient of 49 
real part of 50 
relation to real numbers 49, 50 
sign of addition for 49 
sum of 48 
theory of 47 
in trigonometric form 54, 55,.56 
as a vector 52 . 
computational problems 308, 363, 364 
computations, approximate 19 


condition of a problem, indetermina- 
teness in 297 
cone 


cylinder inscribed in right circular 
410 


inscribed in prism 410 
inscribed in pyramid 410 
inscribed in sphere 411 
prism inscribed in 411 
problem involving tangency of 
sphere and 409 
_ pyramid inscribed in 411 
conjugate complex number 59 
consistent system of equations 170 
construction 
of complicated graphs 210 
exterior to polyhedron 396 
_ construction problems 301, 304 
algebra in 327 
analysis in 308 
trigonometry in 327 
contrapositive theorem 473 
converse statement (in proofs) 359 
converse theorem 473 
coprime numbers 16 
criterion 
for divisibility by nine 15 
strong (of perpendicularity) 333, 
336 > 
proof of 333 
cube root 10 
cutting plane 394 
cylinder . 
inscribed in prism 410 
inscribed in right circular cone 410 
inscribed in sphere 410 
prism inscribed in 411 


decomposition of a number into prime 
factors 16 
definitions 333 
memorization of 331 
de Moivre’s formula 30 
dependent variable 196 
determinate system of equations 170 


Index 


difference of complex numbers 49 
direct statement (in proofs) 359 
divis or 

common 16 

greatest common 16 
dodecahedron, rhombic 292 
domain 196 

of definition 196, 197, 198 


transformations that do not change 
234 


of a variable 112 
extending 115 
in inequalities 147 
narrowing 115 
restricting 115 
test for membership in 116 
double inequalities, solving 136 
drawing(s) 
in geometry 296 
part played by 295 


equation(s) 
biquadratic 12 
equivalence of two 147, 446 
equivalent 113 
exponential 127 
homogeneous 182 
involving inverse trigonometric 
functions 287 
power 127 
reciprocal 88 
second-degree homogeneous (in 
two variables) 182 
similarity to inequalities 135 
of sixth degree 13 
solved by ingenuity in trigonomet- 
tic transformations 271 
solving 112ff 
systems of (see systems of equations) 
166 
trigonometric 240ff 
choosing solutions of 254 
involving parameters 259 
solution by apt grouping 250 
solution by introducing new 
unknown 248 
systems of 256, 264ff 
in two or more unknowns 421 
equivalence of equations 147, 446 
equivalent equations 113 
Euclidean tools 304 
even number 16 
evenness of a function 198 
exhaustive solution 450 
exponents 19 | 
exponential equation 127 
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exponential function 103 
exponential inequalities 136 
extraneous roots 117 

sources of 120 
extremal values of a function 198 


final solution 416 
form of complex number 
a+bi 60 
polar 54 
real-imaginary 60 
rectangular 60 
trigonometric 54, 55, 56 
formula(s) 
De Moivre’s 30 
Hero’s 374 
trigonometric (derivation of) 224 
in which left and right members 
have different domains 228 
fraction(s) 
clearing of 121, 148 
nonterminating nonperiodic (non- 
repeating) 293 
terminating periodic 293 
frustum of pyramid (see truncated py- 
ramid) 410 
function(s) 196, 197 
boundedness of 198 
composite 211 
- domain of 198 
evenness of 198 
exponential 103 
extremal values of 198 
graphs of 196ff 
involving absolute-value sign 
204 
of half an angle {see universal sub- 
stitution) 128 
inverse trigonometric 278ff, 284 
equations involving 287 
linear 200 
linear fractional 200 
logarithmic . 137 
monotonicity of 198 
oddness of 198 
periodicity of 198 
puncipal (of school mathematics) 
eae 
range of 196, 198 + 
trigonometric 223, 224, 246 
zeros of 198 
functional relation 196 


fundamental logarithmic identity 69 


' general term of arithmetic progression 23 
geometric facts, justification of 365 


geometric imagination 300, 369ff 
in plane geometry 375 
geometric interpretation 
of algebraic result 317 
of complex numbers 50 — 
of systems of equations 174 
geometric mean 85 
geometric problem(s) 
answer to 315 
investigation of 313 
involving maxima and minima 323 
properly posed 297 
reduction to algebrai¢ problem 323 
ie a algebraic methods in solving 
7 
geometric progression 82, 83, 85 
infinite decreasing 94, 95 
geometric statements 367 
geometric theorems, proving 295 
geometry 
aim of study of 293 
use of algebra in 295 
drawings in (part played by) 295 
proofs in 291, 348, 363 
solid 359 
problems of 339 
use of trigonometry and algebra in 
308ff 


graphs 
addition of 209 
construction of complicated 209 
construction of by translation or 
specific deformation 198 
_ of functions 196ff, 198 
involving absolute-value sign 
204 
hyperbola 198 
multiplication of 210 
parabola 198 
straight line 198 
greater than or equal to 10 
greatest common divisor 16 


Hero’s formula 373. 
homogeneous equations 182 
hyperbola, graph of 198 
hypothesis of induction 23 


i (symbol) 47, 50 
identity 39 

fundamental logarithmic 70 
identity transformations 115 
imaginary number 50 : 
imaginary part of complex number 50 
imagination, geometric 300, 369ff 

in plane geometry 375 


were 
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incommensurable segments 293 

inconsistent system of equations 170 

independent variable 196 

indeterminate system of equations 170 

indeterminateness in condition of a 
problem 297 


induction 


basis of 22 
complete 21 
hypothesis of 22 
mathematical 21 
induction method 29 
induction proofs 23 
induction step 22 
inequalities 
algebraic solution of 109 
between arithmetic mean and 
geometric mean of two num- 
bers 98 
double (solving) 136 
explicitly stated 186 
exponential 136 
first-degree 136 
geometric solution of 109 
- higher-degree algebraic 141 
linear 136 
mathematical induction used in 
proving 108 
mistake made in proving 99 
proving 98ff, 105 
quadratic 136 
solutions of 451 
raising to a power 151, 154 
second-degree 136 
similarity to equations 135 
solving 134ff, 136, 151 
peculiarities of 135 
taking antilogarithms of 156 
taking logarithms of 158 
trigonometric 138 
trigonometric solution of 109 
in two or more unknowns 421° 
verification of 147 
weak 9 
inequality (see inequalities) 
infinitely decreasing geometric progres- 
sion 94, 95 
sum of 95 
infinitely decreasing progression 95 
infinity (see symbol oo) 224 
integers 15 
positive 15 
intersection (set theory) 277 
of solutions 145, 150 
intervals, method of 38, 41, 141, 457 
intuitive reasoning 371 
inverse theorem 473 


nee trigonometric functions 278ff, 
equations involving 287 
investigation 
of a geometric problem 313 
of linear system of equations 171 
of a problem 305 
irrational power 10 
irrationality 18 


justification 
of arguments 348 
of geometric facts 365 
of proofs 354 


less than or equal to-10 
limit of a sequence 293 
linear fractional function 200 
linear function 200 
linear inequalities 136 
linear systems of equations 

investigation of 17] 

with complex coefficients 169 
line(s) 

parallel 332 

perpendicular to plane 333 

skew 331 

_in space 331ff 
loci (see locus) problems involving 301 
locus (see loci) 302 
logarithm(s) 68ff 

base of (rule for changing) 71 

definition of 18, 68 

formulas of 78 

reduction to a form convenient for 

taking 310 

symbol of 69 

taking (of inequalities) 158 
logarithmic function 137 
set difficulties, problems involving 


mathematical induction 21 
in proving inequalities 108 
maxima and minima, geometric prob- 
lems involving 323 
mean, geometric 85 
method(s) : 
algebraic (used in solving geometric 
problems) 317 
for constructing sections of poly- 
hedrons 383 
failure of 389 
induction 29 
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of mathematical induction 21ff, 22 
in proof of propositions in- 
volving natural numbers 29 
use outside of algebra 27 
of intervals 38, 41, 141, 457 
of introducing an auxiliary angle 241 
minima (see maxima) 
mixture problems 93, 178 
moduli (see modulus) 
modulus (see absolute value) 31 
of complex number 50, 52 
moots sign (see absolute value sign) 


monotonicity of a function 198 - 
multiplication of graphs 210 


natural numbers 15, 22 
nonstandard problems 416ff 
nonterminating nonperiodic (nonrepea- 
ting) fraction 293. 
not greater than 10 
not less than 10 
notations, distinct (designating same 
angle) 281 
number(s) 
complex (see complex numbers) 
471 
conjugate complex 59 
coprime 16 
even 16 
imaginary 50 
natural 15, 23 
pure imaginary 50 
rational 18 
real 31ff, 50 
relatively prime 16 
whole 15° 
0 (zero) 50 
number pairs 422 


oddness of a function 198 
optimal solution 188, 190 
orthogonal projection 344 


pairs, number 422 
parabola, graph of 206 
parallel lines 332 
parameter(s) 41 
problems involving 259, 442 
system of trigonometric equations 
involving 277 
trigonometric equations involving 
259 
partial sums 95 


percentage problems 179 
periodicity of a function 198 
perpendicularity, strong criterion of 
proof of 333 
plan of a solution 304 
plane(s) 
bisecting 304 
cutting 394 
in space 331ff 
plus and minus sign 225 
polar form of complex number 54 
polyhedral angles 341 
polyhedron(s) 
constructions exterior to 396 
cutting with planes 383ff 
Oe for construction sections of 
3 é 
failure of 389 
positional principle of decimal number 
system 15 
positive integers 15 
power 
first 10 
irrational 10 
raising an inequality to a 151, 154 
raising to a 15! 
with natural exponents 10 
zero 10 
power equation 127 
principal angle 279 
principal argument of a number 55 
principal function of school mathema- 
tics 454 
principal square root 31, 43, 44 
symbol 69 
prism 292 
cone inscribed in 410 
cylinder inscribed in 410 — 
inscribed in cone 411! 
inscribed in cylinder 41! 
inscribed in sphere 41] 
problem(s) 
algebraic, reduction of geometric 
problems to 323 
computational 308, 363, 364 
construction (see construction prob- 
lems) 301, 304 - : 
analysis in 304 
geometric 
answer to 315 
investigation of 313 
involving maxima and minima 
323 
properly posed 297 
reduction to algebraic problem 
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use of algebraic methods in 
solving 317 
indeterminateness in condition of 
297 
investigation of 305 
involving combination of pyramid 
and sphere 400. 
involving combinations of solids 
398 
involving location of roots of a 
quadratic trinomial 454ff 
involving loci 301 
involving logical difficulties 439ff 
involving parameters 259 
involving proof 340 
involving pyramids 335 
involving single equation in two 
or more unknowns 42] 
involving single inequality in two 
or more unknowns 421 
involving systems of equations. (un- 
knowns not equal to number of 
equations) 421 
involving tangency of sphere and 
“cone 409 
mixture 93, 178 
nonstandard 416ff 
nonstandard in aspect 417ff 
percentage 179 
proof 352, 365 
shadow 376 
of solid geometry 339 
solution of 356 
standard in aspect but solved by 
nonstandard methods 430ff 
* verbal 177 ; 
product of complex numbers 48 
progression(s) 82ff 
arithmetic, general term of 22 
geometric 82, 83, 85 
infinitely decreasing 95 
nately decreasing geometric 94, 
9 


with complex terms 86 
projection 344 ; 
orthogonal 344 
proof(s) 
exhaustive 371 
in geometry 292, 348ff, 569 
induction 23 
justification of 354 


of literal and numerical inequali- 


ties 98 
problems involving 339 
rigorous 371 
proof problems 352, 363 
properly posed geometric problem 297 


index 


pure imaginary number 50 
pyramid(s) 

centre of circumscribed sphere 

exterior to 403 
cone inscribed in 410 
. frustum of 410 

inscribed in cone 411 

mutual positions of sphere and 406 

problems involving 335 

sphere circumscribed about 402, 403 

sphere inscribed in 399 

truncated 410 


quadratic inequalities 136 
solution of 451 
quadratic trinomial 11, 454 
problems involving location of 
roots of 454ff 
properties of in algebra and geo- 
metry 455 
quotient of complex numbers 49 


radian measurement 223 
radius of a circle circumscribed about a 
triangle 295 
range of a function 196, 198 
rational numbers 18 
rationality 18 
real numbers 31ff, 50 
relation to complex numbers 49, 50 
real part of complex -number 50 
ey ae form of complex number 


reasoning, intuitive 371 
reciprocal equations 88 
rectangular form of complex number 60 
teduction to a form convenient for 
taking logarithms 310 
, telation(s) 
functional 196 
trigonometric 235, 236 
finding an angle from 308 
proof of 238 
relatively prime numbers 16 
rhombic dodecahedron 292 
root(s) 
cube 10 : 
definition of 134, 170 
of an equation 112 
extraneous 117 . 
sources of 120 
guessing 130 : 
loss of (cancelling) 125 
principal square 31, 43, 44, 69 
sources of introducing or losing 114 
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square 43 
rough solution 416 
rule for changing base of logarithms 71 


section, to construct a 383 
set, solution 170 
shadow problems 376 
sign(s) 
£ 225 
absolute-value 33 
of addition for complex numbers 49 
choice of 267 a 
modulus 33 
similarity of equations and 
ties 135 
sin x? (notation) 216 
sin? x (notation) 216 
sine of a number 223 
sine curve 198 
skew lines 331 
angle between 331 
solid geometry 359 
problems of 339 
solids, combinations of 398 
solution(s) 
definition of 134 
from a drawing 319 
of an equation 112 
exhaustive 450 
final 371, 416 
intersection of 145, 150 
' optimal 188, 190 
plan of 304 
of problems 356 
of a quadratic inequality 451 
rough 371, 416 
of a system of equations (two mea- 
nings) 170 
by trial and error 128 
solution set 170 
solving equations 112ff 
solving inequalities 134f 
sphere 
centre of circumscribed (exterior 
to pyramid) 403 
are en about pyramid 402, 
3 
cone inscribed in 411 
cylinder inscribed in 410 
inscribed in a prism 409 
inscribed in a pyramid 399 
inscribed in a right circular cone 


inequali- 


409 
inscribed in a right circular cy- 
linder 409 


- inscribed ina truncated pyramid 410 


mutual 
pyramid 406 : ; 
prism inscribed in 411 - 
problem involving tangency o 
sphere and cone 409 so 
square 43 
square root 43 
square-root symbol (see symbol V ) 229 
squaring 116, 242 
statement(s) 
converse (in proofs) 359 
converting verbal statements into 
formula 13 5 
of definitions 13 
direct (in proofs) 359 
geometric 367 
of theorems 13 
step, induction 22 
straight line, graph of 198 
straightedge 304 
hone criterion of perpendicularity 333, 
proof of 334 
substitution, universal (see functions 
of half an angle) 128, 242, 246 
suitable valites 442 
sum(s) ; 
of complex numbers. 48 
of an infinite set of numbers 95 
partial 95 
symbol oo 224 
symbol V 229 
system(s) 
of equations 166ff 
’ consistent 170 
determinate 170 
geometric interpretation of 174 
inconsistent 170 | 
indeterminate 170 


linear (complex coefficients) .169 


linear, investigation of 171 
number of unknowns greater 
than number of equations 183 
number of unknowns not equal 
to number of equations 421 


solution of (two meanings) 169. 


two approaches to solving 166 

two linear equations in two unk- 
nowns, investigation of 168, 
169 


of three equations in four unknowns 


of three linear equations in three 
unknowns 181 
of trigonometric equations 264% 
involving a parameter 276 


positions of sphere and - 


488 


Index 


eT 


solution 264 
solution involving 
numbers 275 
of two trigonometric equations in 
one unknown 256 


complex 


tangency of sphere and cone 411 
problem involving 409 
tangent to a circle, square of 408 
tangent externally 411 
terminating periodic fraction 293 
theorem(s) 
of algebra I 
contrapositive 473 
converse 473 
inverse 473 
geometric,. proving 295 
involving solution of- quadratic 
inequalities 11 
on three perpendiculars 333 
Viéte’s 11, 447, 454, 455 
ways of proving 291 
tools, Euclidean 304 
transformations 
identity 115 
that do not change domain 234 
trigonometric 228ff 
translation of a graph 199 
trial and error, solution by 128 
triangle, area of 295 
trigonometric equations 240ff 
choosing solutions of 254 
involving parameters 259 
solution by apt grouping 250 
solution by introducing new un- 
known 248 
system of two (in one unknown) 256 


systems of (see systems of trigono- - 


metric equations) 264ff 
trigonometric form of complex number 
54, 55, 56 


trigonometric formulas, derivation of 224 
trigonometric function of a number 223 
224 


. 


trigonometric functions of multiple 


arguments 246 
trigonometric inequalities 137, 
trigonometric relations 235, 236 
finding an angle from 308 
proof of 237 
trigonometric transformations 298 
ies 223ff 
in solving construction proble 
397 Pp my 
use of in geometry 308ff 
trinomial, quadratic 11, 454 
problems involving location of roots 
of 454ff 
properties of in algebra and geo- 
metry 455 
truncated pyramid (see frustum of py- 
ramid) 410 


138 


universal substitution (see function of 
half an angle) 128, 242, 246 


values, suitable 442 
variable 

dependent 196 

independent 196 
vector, complex number regarded as 52 
verbal problems 177ff 
verification (see checking) 114 
Viéte’s theorem II, 447, 454, 455 


weak inequalities 9 
whole numbers 15 


zero 50 


zeros of a function 198 
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